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ABSTRACT

An aqui fer test conducted in a sand and gravel, glacial outwash
deposit on Cape Cod, Massachusetts was anal yzed by neans of a nodel for
flowto a partially penetrating well in a honbgeneous, anisotropic
unconfined aquifer. The nodel is designed to account for al
significant nechani sns expected to influence drawdown i n observation
pi ezoneters and in the punped well. 1In addition to the usual fluid-flow
and storage processes, additional processes include effects of storage
in the punped well, storage in observation piezoneters, effects of skin
at the punped-well screen, and effects of drainage fromthe zone above
the water table. The aquifer was punped at a rate of 320 gall ons per
m nute for 72-hours and drawdown neasurenents were made in the punped
well and in 20 piezometers | ocated at various distances fromthe punped
wel I and depths below the | and surface. To facilitate the analysis, an
autonatic paraneter estimation algorithmwas used to obtain rel evant
unconfined aquifer paraneters, including the saturated thickness and a
set of enpirical paraneters that relate to gradual drainage fromthe
unsat urated zone

Drai nage fromthe unsaturated zone is treated in this paper as a
finite series of exponential terns, each of which contains one enpirica
paranmeter that is to be determned. It was necessary to account for
ef fects of gradual drainage fromthe unsaturated zone to obtain
satisfactory agreement between nmeasured and sinul ated drawdown,
particularly in piezonmeters |ocated near the water table. The conmonly
used assunption of instantaneous drainage fromthe unsaturated zone
gives rise to large discrepanci es between nmeasured and predicted
drawdown in the internediate-tinme range and can result in inaccurate
estimates of aquifer paraneters when automatic paraneter estination
procedures are used.

The val ues of the estinated hydraulic paraneters are consistent

with estimates fromprior studies and fromwhat is known about the



aquifer at the site. Effects of heterogeneity at the site were snall as
nmeasured drawdowns in all piezoneters and wells were very close to the
simul ated val ues for a honbgeneous porous medium The estimated val ues
are: specific yield, 0.26; saturated thickness, 170 feet; horizonta

hydraul i c conductivity, 0.23 feet per minute; vertical hydraulic

conductivity, 0.14 feet per nminute; and specific storage, 1.3x10_5 per

f oot .

It was found that drawdown in only a few piezonmeters strategically
| ocated at depth near the punped well vyielded paranmeter estinates close
to the estimtes obtained for the entire data set anal yzed
simul taneously. If the influence of gradual drainage fromthe
unsaturated zone is not taken into account, specific yield is
significantly underestimated even in these deep-seated piezoneters.

This helps to explain the | ow val ues of specific yield often reported
for granular aquifers in the literature. If either the entire data set
or only the drawdown in sel ected deep-seated piezoneters was used, it
was found unnecessary to conduct the test for the full 72-hours to
obtain accurate estinates of the hydraulic paraneters. For sone

pi ezoneter groups, practically identical results would be obtained for
an aqui fer test conducted for only 8-hours. Drawdowns neasured in the
punped wel |l and piezonmeters at distant |ocations were diagnostic only of

aqui fer transm ssivity.



INTRODUCTION

Proper managenent of ground-water resources requires an accurate
eval uation of the paraneters (hydraulic properties) that control the
novenment and storage of water. Aquifer tests, performed by punping a
wel |l at a constant rate and observing the resulting changes in hydraulic
head in the aquifer, are the nost commonly used nmethod for determination
of aquifer hydraulic properties. Unconfined aquifers, also known as
wat er-tabl e aquifers, are of particular interest to hydrogeol ogi sts and
to the general public not only because of their accessibility as a water
supply but also because of their vulnerability to contamination from
activities at the land surface. Unconfined aquifers have speci al
features that set themapart from other aquifer types and nmake anal yses
of tests conducted in themnore difficult. The prinary added
conplication has to do with the existence of the free surface (or water

tabl e) and the overlying unsaturated zone.

Background

Hydraul ic parameters that control an unconfined aquifer’s capacity
to transmt and store water are generally obtained by aquifer-test
anal ysi s using one of several classical analytical nbdels, the nost
popul ar of which are those of Boulton (1954, 1963), Dagan (1967), and
Neuman (1972, 1974). The nodel of Boulton (1954) was the first to
provi de a pl ausi bl e explanation for changes in hydraulic head observed
in unconfined aquifers in response to punping froma well. The nodel
takes into account gradual drainage of water fromthe zone above the
water table, a feature that is now, belatedly, beconing recognized as
being i nportant for unconfined aquifers. The Boulton nodel has the
drawback, however, that it does not account for vertical conponents of
flow in the aquifer and, consequently, cannot be used to eval uate
vertical hydraulic conductivity: the nodel is strictly valid only at

| arge di stances fromthe punped well where the flow night be assuned to



be horizontal. Also, because of the horizontal flow assunption, the
nodel cannot account for effects of partial penetration by the punped
well. (This limtation was subsequently elimnated in a paper by
Boulton and Streltsova, 1975.)

The Dagan (1967) and Neunan (1972, 1974) nodel s both account for
vertical conponents of flow in the aquifer and, hence, for effects of
partial penetration by the punped well, but neither consider effects of
gradual drainage fromthe zone above the water table to be an inportant
consi deration. Both nodels assume drainage fromthe unsaturated zone to
occur instantaneously in response to |lowering of the water table. The
Dagan nodel, in contrast with both the Boulton and Neuman nodel s, has
the additional linmtation that it does not account for conpressive
characteristics of the aquifer and therefore cannot be used to eval uate
aqui fer specific storage. The Neuman (1972, 1974) nodel has cone to be
accepted by nmany hydrogeol ogi sts as the preferred nodel ostensibly
because it appears to make the fewest sinplifying assunptions and
because of the perception that neglecting the effects of gradual
drai nage fromthe zone above the water table is reasonable for purposes
of aqui fer paraneter estination.

Whil e both the Boulton and Neuman nodel s account for aquifer
conpressive characteristics, they make the nmat hematical sinplifying
assunption that the punped well is a line-sink (that is, the punped well
is assuned to be infinitesimal in diameter). Thus, it is inmpossible to
account for effects of wellbore storage. This linits the useful ness of
the nodels for accurate evaluation of specific storage. The |ine-sink
assunption in these nodels requires that observation piezoneters be
| ocated at |arge distances fromthe punped well to reduce the influence
of wellbore storage. Unfortunately, this last requirenent nakes it
difficult to make accurate early-tine neasurenments because of small
drawdowns at | arge distances.

Use of the Boulton and Neunan nodels for analysis of early-tine

data from pi ezoneters | ocated near the punped well may result in val ues



of specific storage that are overestimated by as nuch as one or two
orders of magnitude (Mench, 1997), dependi ng on aquifer
conpressibility. Mench (1997) extended the range of validity of the
Neunan (1974) nodel by accounting for the finite dianeter of the punped
well. This greatly inproves upon the accuracy of specific storage
estimates made by using drawdown data from pi ezoneters | ocated near the
punped well. It also makes it theoretically possible to eval uate other
unconfi ned-aqui fer paraneters from punped-well data. Unfortunately,
however, effects of well-bore skin, turbul ence, and other non-ideal flow
conditi ons make the use of punped well data difficult and frequently

i mpossi bl e for paraneter estimation.

As nentioned above, the Boulton (1963) nodel differs fromthe
Neunan (1974) nodel in that the latter assunes instantaneous drai nhage of
water fromthe unsaturated zone and the former assumes the drai nage
occurs gradually in response to a lowering of the water table. Boulton
(1954, 1963) approxi mates drai nage fromthe zone above the water table
by using an exponential relation containing an enpirical paraneter or
"delay index'. Neuman (1975) found that the delay index as used by
Boulton (1963) is not a characteristic property of the aquifer. (He
found it to be a function of radial distance fromthe punped well.)

Al so, based on nunerical nodeling, Neuman (1972) found that effects of
gradual drainage fromthe unsaturated zone could be neglected in aquifer
tests. It has since been found, however, that there may exist a
significant difference between nmeasured field data and theoretica
drawdowns i n observation piezoneters, particularly those | ocated near
the water table (see Mbench, 1995). These differences exist

i ndependent |y of whether the Boulton nodel, which does not account for
vertical conponents of flow in the saturated zone, or the Neunan nodel
whi ch does not account for gradual drainage, is used.

In order to reduce the magnitude of this discrepancy and stil
account for vertical flowin the aquifer's saturated zone, Mench (1995)

substituted Boulton’s (1963) convolution integral for Neuman's (1972,



1974) boundary condition for the free surface and solved the revised
boundary-val ue problem By so doing, the redefined delay i ndex becones,
for the particular test, a property of the honbgeneous aquifer and
associ at ed honbgeneous unsaturated zone, albeit not a very accurate one.
No physical basis was assigned to the revised delay i ndex other than
that it could be considered the inverse of a "characteristic drai nage
time" for the particular medium Neverthel ess, the discrepancy between
nmeasured and theoretical drawdowns was di m nished (over a linited tine
range) as seen in piezoneters |located near the water table (Mench
1995). One reason that the discrepancy is not conpletely elimnated is
likely due to Boulton’s convolution integral not accurately describing
t he drai nage process (see, Narasimhan and Zhu, 1993). Boulton's
approach is based on the incorrect but plausible assunption that
drai nage fromthe unsaturated zone foll ows an exponential decline in
response to a step decline in the elevation of the water table. Boulton
and Pontin (1971) recognized deficiencies in Boulton's (1954, 1963)
original theory; that is, the exponential relation did not accurately
reflect physical reality and that it was necessary to account for
vertical conponents of flowin the aquifer. To inprove upon the single-
par amet er exponential relation, they used two exponential terms
contai ni ng four adjustable paraneters (two delay indices and two del ayed
yield paraneters that when sumed and added to a third parameter called
"instantaneous' yield, formthe total specific yield). To account for
vertical conponents of flow they adapted the nodel of Dagan (1967) to
nmeet their needs. Unfortunately, their nodel (like Dagan's) does not
account for aquifer conpressibility. Also, the treatment of specific
yield (as the sumof three conponents rather than as a characteristic
constant) is rather cunbersone for purposes of analysis.

In 1990, the U S. Ceol ogical Survey (USGS) conducted an aquifer
test at its Cape Cod Toxic Substances Research Site in Falnouth, MA in
order to evaluate the hydraulic paranmeters of the unconfined aquifer

Moench and others (1996) provide a prelininary analysis of this test



usi ng hand- neasured drawdown data, the Neuman (1974) nodel, and
traditional type-curve matching nethods. The traditional approach to
eval uation of the hydraulic parameters is by visual trial-and-error

mat ching of field data with dinmensionless type curves (for reconmended
procedures see, for exanple, Prickett, 1965; Kruseman and de Ri dder

1990; Moench, 1994; and Batu, 1998). A single match point was found
that yielded excellent late-time matches between theoretical and
nmeasured drawdowns in the 16 piezoneters used for the analysis. Thus, a
single set of hydraulic parameters (vertical hydraulic conductivity,

hori zontal hydraulic conductivity, and specific yield) was obtained.

The agreenent suggested a remarkabl e degree of honpgeneity in hydraulic
conductivity to ground water flow at the scale of the test. Early-tine
drawdowns, however, recorded with the help of transducers located in
seven of the piezometers and in the punped well, and internediate-tine
drawdowns recorded in all piezonmeters, but especially those |ocated near
the water table, could not be interpreted satisfactorily with the Neunan

nodel .

Purpose and Scope

It is the purpose of this report to provide a thorough
interpretation of the aquifer test that was conducted in the sunmer of
1990 at the USGS Cape Cod Toxic Substances Research Site in Fal nouth,
Mass. It is intended to expand upon the prelimnary analysis of Mench
and others (1996) by using a nodification of a nodel devel oped by Mdench
(1997) and a nethod of automatic paraneter estimation. The nodel
nodi fication is designed to pernit an accurate representation of the
process of gradual drainage fromthe zone above the water table.

The Moench (1997) nodel in its unnodified formallowed for
eval uation of specific storage, and the other unconfined aquifer
parameters, but did not fully account for discrepancies observed between
nmeasured and theoretical drawdowns cal cul ated by the Neuman (1974) nodel

in the internediate-tinme range. Discrepancies that exist between



t heoretical and neasured drawdowns in the internediate-time range are
found to be a consequence of neglecting gradual drainage fromthe
unsaturated zone. These discrepancies are only partially elinmninated
with a nodel that assunes exponentially declining drai nage of water from
the unsaturated zone in response to a step decline in the el evation of
the water table (Mench, 1995, 1997). This is corroborated indirectly
by the results of laboratory (Vachaud, 1968), field (Nwankwor and
others, 1992), and nunerical experinments (Narasi mhan and Zhu, 1993). In
this report, a necessary additional nodification is made in the water-
tabl e boundary condition by including a series of exponential terms to
represent drainage fromthe unsaturated zone caused by a decline in the

el evation of the water table. The drainage in this instance is

controlled by a finite nunmber of enpirical paraneters a,, It is not

intended in this report that the enpirical parameters o, be ascribed a

physi cal basis. However, it is possible to set up and solve a sinple
boundary-val ue probl em denmonstrating that the paranmeters can be used in
conbination to approximte the rate of flow across the water table in
response to a step change in its elevation (R L. Cooley, USGS, witten
conmun. , 2000).

In addition to the inproved interpretation of the aquifer test,
resulting fromthe nodel used, apparent honogeneity of the aquifer, and
extent and quality of the data set, a nunber of secondary anal yses are
perfornmed so that sone general recomendations about unconfined aquifer
tests can be made concerning: 1. the number of piezonmeters needed, 2.

t he pl acenent of piezoneters, 3. the timng and frequency of data
sanpling, and 4. the mininumtest duration required to obtain
satisfactory results. Conputer simulations are also conducted to
exam ne the consequences of specific nodel assunptions.

The scope of this report is linited to anal yses of the aquifer
test by means of an anal ytical nodel assisted by autonmated paraneter
estimation using nonlinear |east squares. Because of the apparent

honogeneity of the aquifer, the lack of interference fromrecharge or



evapotranspiration, and the apparent validity of the nodel assunptions,
this aquifer test mght be deened a benchmark test and a good candi date

for illustration of a broad range of unconfined aquifer phenonena.

Response of an Idealized Unconfined Aquifer to Pumping

Figure l1a is a schematic diagram showi ng a typical well/aquifer
configuration and depicting the response of an idealized granul ar

honbgeneous and ani sotropi ¢ unconfined aquifer to punping. The vertica

(K,) and horizontal (K) hydraulic conductivity vectors, the relative

magni t ude of which is indicated by the Iength of the arrows in the
i nset, indicate the anisotropic character of the aquifer. Flowto the
finite-dianeter punped well is axisymetric and three-di nensi onal

Drawdowns (changes in hydraulic head due to punping) in the punped
wel | may be greater than that in the aquifer adjacent to the wel
because of resistance to flow (wellbore skin) at the well screen
Vertical conponents of flow in the aquifer near the punped well are
enhanced if the length of the punped-well screen is |less than the ful
saturated thickness of the aquifer (that is, the punped well partially
penetrates the aquifer). Because of vertical conponents of flow,
drawdowns observed in piezonmeters |ocated near the punped well cannot be
assuned to accurately indicate the position of the falling water table.
In addition, the response of finite-dianeter piezoneters to rapid
changes in hydraulic head in the aquifer nmay be del ayed due to well bore
storage in the piezoneter.

Wth regard to the unsaturated zone in the idealized unconfined
aquifer: 1. Water held by adsorption and surface tension in the
unsaturated zone is in direct hydraulic connection with the falling
water table. 2. The equilibriumnoisture distribution in the

unsat urated zone decreases nonotonically with an increase in el evation
(z,) as depicted in fFigure la, where 6(z) is the nmoisture content and 6

is the noisture content at saturation. 3. The zone of near saturation
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i medi ately above the water table is referred to as the capillary fringe
and will vary in thickness depending on the soil texture.

Figure 1b depicts a typical plot of drawdowns versus tine (using
doubl e-l ogarithm c coordi nates) and defines what is described in this
report as 'early tinme', 'intermediate tinme', and 'late tine'. The tine
ranges are approxi mate and woul d vary dependi ng upon the aquifer

paranet ers.

Hydrogeology of the Aquifer-Test Site

The aquifer at the study site is conposed of unconsolidated
gl aci al outwash sedi nents that were deposited during the recession
14,000 to 15,000 years before present, of the |late Wsconsi nan
continental ice sheet that had previously covered New England. Al though
t he unconsol i dated sedinents in the test area overlie crystalline
bedrock at a depth of approximately 300 ft, detailed lithol ogic studies
indicate that there exists a transition fromclean, mediumto coarse-
grai ned, high-perneability glacial outwash deposits to fine-grained,
relatively lowperneability material at a depth of about 160 ft bel ow
the water table (LeBlanc, 1984; LeBlanc, and others, 1986; Masterson
and others, 1997). The horizontal hydraulic conductivity of the upper
material in western Cape Cod generally, ranges from 150 to 350 ft/d with
aratio of horizontal to vertical hydraulic conductivity of 3:1 to 10: 1.
The horizontal hydraulic conductivity of the naterial bel ow the
transition ranges from10 to 70 ft/d with a ratio of horizontal to
vertical hydraulic conductivity of 30:1 to 100:1. The estinmate of the
saturated thickness is corroborated hydraulically by the prelimnary

anal ysis of the aquifer test (Mench and others, 1996).
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MATHEMATICAL MODEL

In this section the mathematical nodel of Mench (1997) is
presented in a slightly nodified form The nodification is to allow for
i mproved representation of drainage fromthe zone above the water table.
The bulk of the material in this section derives from Moench (1997). It
is presented here for the conveni ence of the reader and to incorporate

t he necessary nodifications.

Assumptions

As with all mathematical nodels, several sinplifying assunptions
are required. Most of the assunptions are identical to those of Neuman
(1974). Those that are identical are as follows. 1. The aquifer is
honbgeneous, infinite in lateral extent, horizontal, and of uniform
thi ckness. 2. The aquifer can be ani sotropic provided that the
principal directions of the hydraulic conductivity tensor are parallel
to the coordinate axes. 3. Vertical flow across the | ower boundary of
the aquifer is negligible. 4. A well discharges at a constant rate from
a specified zone below an initially horizontal water table. 5. The
change in saturated thickness of the aquifer due to punping is snall
conpared with the initial saturated thickness. 6. The porous nedi um and

fluid are slightly conpressible and have physical properties that do not
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vary in space or tine. 7. The initial hydraulic head is the sane
ever ywher e.

The Neuman (1972, 1974) nodel assumes that water in the
unsaturated zone is rel eased instantaneously as the water table
declines. It is pointed out in the introduction that, under this
assunption, there may exist a significant difference between neasured
and theoretical drawdowns in piezoneters |ocated near the water table.
The introduction of Boulton's (1963) convol ution integral by Mench
(1995) into the boundary condition for the free surface reduces this
di screpancy. Mench (1995) assumed, as did Boulton (1954, 1963), that
the vertical flux of water into the aquifer occurs in a manner that
varies exponentially with time in response to a step decline in the

el evation of the water table. The rate of exponential decline is

controlled by an enpirical constant o, (see Mench, 1995). (The

subscript on a is included to avoid confusion with Boulton's reciproca
of 'delay index' (Boulton, 1963), which has a neaning that is slightly

different fromthe o, used by Mench (1995). The difference in meaning

is due to the fact that Boulton worked with vertically averaged heads

(no vertical conponents of flow) in the aquifer and included the term
containing a in the governing partial differential equation rather than

as a boundary condition for the water-table.)

It is known, however, that the assunption of an exponenti al
decline provides only a crude approximation of the actual drainage
process (see, Vachaud, 1968; Narasi mhan and Zhu, 1993). In this
report, the representation of the actual drainage process can be nade as
preci se as desired by extending the single, enpirical-paraneter
approximation to nultiple enpirical parameters. It should be pointed
out that the sane set of paraneters should not be assuned to accurately
represent the reverse process (i.e., absorption of water during
recovery) due to effects of hysteresis or entrapped air. Nor should it

be assuned to represent the drai nage process at a different tine or
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| ocation. This is because conditions in the unsaturated zone may differ
fromtime to time and place to place. Although, in this report, the
enpirical paraneters are given little physical neaning individually, as
a group they can be used to quantify drainage fromthe unsaturated zone
in response to a driving force such as the lowering of the water table.

The assunptions pertaining to the finite-diameter punped well are
identical to those of Dougherty and Babu (1984) and are |listed here as
follows. 1. The head within the well does not vary vertically. 2. The
radial flux fromthe aquifer to the well does not vary along the |ength
of the screened section. 3. Vertical flux fromthe aquifer through the
base of the well is negligible. 4. A thin skin of honbgeneous porous
mat eri al having no significant storage capacity may be present at the
interface between the well screen and the aquifer. The hydraulic
conductivity of this material nmay be less than or greater than that of
the aquifer, and is assuned to be constant during the course of the
aquifer test. (Low hydraulic conductivity skin may be present for a
nunber of reasons as, for exanple, flow constrictions due to the well
screen itself, bridging by sand particles across screen openi ngs, or
damage to the aquifer caused by drilling. Hi gh hydraulic conductivity
skin may be due to well developnment or to the presence of a gravel pack
installed to increase well productivity.)

The influence of a delayed response of the observation piezoneters
is often overlooked in the analysis of aquifer tests. The effect is
treated approximately in this report (follow ng Black and Kipp, 1977) by
assum ng the hydraulic head in an observation piezoneter changes with a
rate that is proportional to the head difference between the piezoneter
and the adjacent aquifer nmaterial. Delayed piezoneter response is npst
i mportant at early tinme when the head changes are nost rapid, and if not
taken into account, the estimate of specific storage nay be exaggerated.

Figure 2 is a diagrammtic cross-section through a part of an
i deal i zed unconfined aquifer with a finite-dianeter partially

penetrating punped well, an observation piezonmeter, and an observation
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wel I (or |ong-screened piezonmeter). The figure illustrates the
parameters used to define the well radii, the location of the screens,
the I ocation of the observation piezoneter, and the saturated thickness
of the aquifer. Also shown is the |location of the origin of the

coordi nate system Synbols used in the mat hemati cal devel opnent are

defined in the Notation section

Boundary-Value Problem

The governing equation in the domain r <r<e and O<z<b for

axi symmetric flowto a punped well in a slightly conpressible,

ani sotropi c, unconfined aquifer may be witten as

0°’h 10h K, 0°h _S oh
St —+—I_— =S (1)
o ror K, o0z© K, ot

The initial condition in the domain of equation 1 is

h-h(r,z0) =0 (2)

where h, is the initial hydraulic head. The outer boundary condition at

r=o is

h —h(e,2,t) =0 (3)

The inner boundary condition at r=r requires a wellbore bal ance

equation for a partially penetrating well. Follow ng Dougherty and Babu

(1984), this condition is

2nrw(f—d)Kr%r:rw=Q+c% b-t<z<b-d  (4a)

ot

where (—dis the length of the screen, Qis the punping rate, Cis the

wel | bore storage (assumed constant), and h is the average head in the
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wel | bore. Raney and Agarwal (1972) point out that effects of wellbore
storage can occur as a result of changing liquid level in the well or
for confined and | eaky aquifers, by virtue of wellbore-fluid

conpressibility in a pressurized test. Effects of wellbore storage are

great est when due to changing water level. 1In this case, Cis the

cross-sectional area of the free surface in the well. |In this report,
. 2 . . . .

for convenience, C=rr, where r  is the effective radius of the well in

the interval where water |l evels are changing. The term*“effective
radi us” is used here to allow for the presence of a colum pipe or other
tubi ng that mght reduce the cross-sectional area of the punped well in
the vicinity of changing water |evels.

The radial flow through the screen fromthe aquifer to the well,
expressed by the | eft-hand-side of equation 4a, is assunmed to be
i ndependent of z and to vary only with tine. Ruud and Kabal a (1997)
found that flow variations along the well screen can be significant,
especially for wells with short screen lengths in thick aquifers;
however, the effect upon drawdowns in the wellbore was found to be
i nsignificant.

The vertical average of the head in the wellbore, h, is related

w

to the average head in the aquifer adjacent to the punped-well screen

*

h, by

KS(h _h\N):Kr@
d or

(4b)

r=r,

S

where K  is the hydraulic conductivity of the wellbore skin, d, is the

skin thickness, and h* is defined by

. 1 Jo-d
:m B h(rW,Z,t)dZ (4c)
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Equation 4b derives fromthe heat-flow literature (Carslaw and Jaeger,
1959, p. 20). For sinplicity, the storage capacity of the skinis
assuned negligible. One additional equation is required for conpletion
of the boundary condition at the interface between the punped well and

the aquifer. Nanely,

oh z<b-(
| =0 (4d)
or I z>b-d

This condition inplies that a well casing of constant external radius r,

extends fromthe top of the screened section to the water table, and
that no radial flow occurs across an imagi nary cylinder that extends
fromthe bottom of the screened section of the well to the base of the

aqui fer.
The condition along the base of the aquifer (z=0) for r2r is that

of a no-flow boundary and is witten as

oh
E(r,o,t):O (5)

The condition used by Moench (1997) at the water table (z=b) for

r=r whi ch approxi mates the rate of drainage per unit area fromthe

w

unsaturated zone, is witten as

|g%ﬁup¢)
z ah (6)
=-a,S, J; S (nbD eq-ay(t -t d

Moench (1995) provides details pertaining to the theoretical

justification for the use of equation 6, which derives fromthe work of
Boulton (1954). As a;-«, equation 6 approaches the boundary condition
used by Neunman (1972, 1974). Also, it can be seen by inspection that if

a,=0, a no-flow condition is obtained for equation 6 and the boundary-
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val ue problemreduces to that solved by Dougherty and Babu (1984) for a
confined, single-porosity aquifer.

It was stated at the beginning of this section that a single-
par amet er exponential relation doesn't represent drainage fromthe
unsaturated zone very well. In this report, drainage fromthe
unsaturated zone is represented by a nodification to equation 6 such
that, instead of the single exponential relation suggested by Boulton

(1954, 1963), a finite series of Mexponential ternms is used, each with

a different enpirical paraneter a

KZ%(r,b,t)
oh M a (7)
=-5, [ ==(r.,b,)> =™ exp[-a,,(t —t)] dt’

S [ 40X epla, ¢ -] d

The sunmation termin equation 7, in systens terninology, is an input
response function or kernel of the convolution integral. It represents
an average of a series of exponential terns. If M1, equation 7 reverts
to equation 6.

The paraneters used in equation 7 mght be found to differ from
one aquifer test to the next, even at the sane | ocation, but are assuned

to be unique for a given test. Due to the assunption of honpgeneity,

the sane set of o, parameters should apply irrespective of the |ocation

of the individual piezoneters. This set of enpirical paranmeters will be
subj ect to change, however, as antecedent conditions in the unsaturated
zone change. This arrangenent allows the hydrogeol ogi st to obtain not
only better agreenent between neasured and predicted drawdowns over the
entire internediate tine range of a tine-drawdown curve but also all ows
for inmproved paraneter estination, as will be shown. The representation

of the drai nage process suggested by Boulton and Pontin (1971) makes use
of two enpirical o paranmeters and a conbi nati on of instantaneous,

short-term and long-term "del ayed-yi el d" paraneters summed together to

represent specific yield. |In this report, a single value of specific
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yield is used in order to be consistent with the hypothesis that
specific yield is a characteristic property of the aquifer and does not

vary with tinme.
Dimensionless Boundary-Value Problem
By substituting the dinensionless paraneters listed in table 1

into the above equations, one obtains the follow ng di nensionl ess

boundary-val ue probl em

2 2
6h2D+i6hD+ﬁW6h2:6hD 8)
or,” 1y 0rp 0z, ot
hy (5, 2,,0) =0 (9)
hp (0, 25,15) = 0 (10)
1-(,<2,<1-d
_oh, _ 2 W, oh,o b <25 b (11a)
o, ((p—dp) ot, rp=1
2, <1-(,;z, >1-d
ahD =0 D D' 4D D (11b)
ory =1
s oh,
hp =hp =8, 1-0, <25 <1-d, (11c)
orp
1
hy =—F—— Zh z,,t,)dz 11d
D (ﬁD _ dD) 5 D(lr D D) D ( )
oh,
—=(r5,0,t;) =0 12
aZD ( D D) ( )
ohy, ts ohy, Moy
%(rD,LtD) == ?(rD,LtD)mZ: m exp-y 0B (ty = 1ldz (13)
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Laplace Transform Solution

Use of Laplace transforns and Fourier cosine series leads to a

Lapl ace transform solution to the above di nensi onl ess boundary-val ue

problem The derivation is provided in Appendix |I. The Lapl ace
transform sol ution for dinensionless drawdown in the punped well is

_ 2(A+S)

h,o(P) = — (14)

p(fD - dD)[1+WD P(A + S(N)]

And the solution for the dinensionless drawdown in the aquifer is

ho(T'o: 25, P) = 2E (15)
P p(ﬁD_dD)[l"'WDp(A"'SN)]
wher e
= Ko(Gh){sinl, (1-do)] ~sine, 0~ (o)} (16
(ﬂ dD) pry £,0,K,(a,)[€, +0.5sin(2¢,)]
e o KolGhto) ote, 2, lainte, (1 dy ) -sinfe, @~ ()1 .
n=0 qn Kl(qn)[‘gn + O'SSn(ZEn)]
g, = (&2B8., +P)"* (18)
ry = (ea8+ pry)Y? (19)
and ¢, where n=0,1,2,., are the roots of
p M
£, tan(e,) = — (20)
M z 1 (08, + IO/ Vi)

K, and K, are the nodified Bessel functions of the second kind and of

zero and first order, respectively.
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For | ong screened piezoneters (observation wells) it is assuned

that the neasured drawdown is the average drawdown over the screened

interval z_-z_,, as deternined by

D2 ~D1

1

o (Nos 2oy, 252, P) =
D2 ~ Zm

LZDZ ﬁD (5,2, P) dz, (21)

D1

The Lapl ace transform solution for dinensionless drawdown in a | ong-
screened piezoneter in the aquifer then becones
2E'

h.(r., 2z, 2, P) = 22
ofor 2o 2oz P) = T+ W p(A+ ) (22)

wher e

© Ko (g1 ){sinle, @-dp)] —sin[e,(L-¢,)]}

E'=2 ,
n=0 Enqn Kl(qn)[gn + OSSI n(2€n )]

(23)
sin(E, z,,) —Sin(€, z,,)]
(ZD2 - ZDl)

Equati ons 15 and 22 are solutions for head changes in the aquifer.
bservation wells or piezoneters used to neasure hydraulic head
variations in an aquifer are often open holes containing a significant
quantity of stored water. Wth the start of punping, rapid changes in
head in the aquifer may not be accurately reflected by neasurenents in
the piezoneter because of the finite time it takes to dissipate stored
water and conme into equilibriumwth the hydraulic head in the aquifer.
Thi s del ayed piezoneter response is inportant for accurate eval uation of
specific storage and is treated analytically in the manner described in
detail by Moench (1997). By choosing an appropriate shape factor
F'=F/ 2, where F is defined by Hvorslev (1951) for various geonetrical

configurations, and, assuning good hydraulic connection between the

pi ezoneter and the aquifer so that screen clogging is not a factor, it
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is possible to account for del ayed piezoneter response by use of the

foll owi ng equati on:

_ hD

h =D 24
mD 1+WDp ( )

wher e hmD is the Laplace transformsolution for the piezoneter response
and W, is the dinensionless piezometer storage parameter defined in

table 1.| In the event that screen clogging is a factor, it is possible
to estimate F for use in (24) by slug testing the piezoneter and
followi ng the procedure indicated by Black and Kipp (1977).

Di mensi onl ess or di nensi onal drawdowns are obtained by nunerical
i nversion of equations 14, 15, or 22. The Stehfest (1970) algorithmis
particularly useful in this regard because of its conputationa
efficiency. The FORTRAN code WA (Mdench, 1997) was nodified to
enhance speed of computation and to include the summation in equation
20. The nodified conputer code WIAQB used in this report can be sent to
i nterested readers upon request fromthe first author. Available for
downl oading fromthe Wrld Wde Wb is a fully docunented comput er
program WIAQ, descri bed by Barl ow and Moench (1999), that includes al
t he physical processes available in WIAQ3. It can be used for both
type-curve anal ysis and automated paraneter estinmation for both confined

and unconfined aquifers.
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AQUIFER-TEST DESIGN AND OPERATION

As part of an effort to quantify the hydraulic properties of the
unconfi ned, sand and gravel, gl acial-outwash aquifer at the Cape Cod
Toxi c- Subst ances Hydrol ogy Research site near Fal nouth, Massachusetts, a
three-day aquifer test was carried out from August 28-31, 1990. The
test was conducted by punping a well at a constant rate and by observing
the resulting changes in hydraulic head at locations that differ in
di stance and azimuth fromthe punped well and in depth bel ow the water
tabl e.

Figure 3 shows the location of the study area and the locations in
pl an view, w thin an abandoned gravel pit, of the punped well and points
of observation. The reference piezoneter (F343-036) is included in
figure 3 as its position is the location of the origin of coordinates of
a magnetic north-oriented grid that was overlaid on the site and used to
| ocate the positions of points of observation for this study and others
(LeBl anc, and others, 1991). Figure 4 illustrates the positions of the
observation well screens in vertical section and is drawn roughly to
scale. The punped well was drilled in July 1990 by cabl e tool nethods
to a depth of 80 ft below |l and surface. An 8-inch, inside-dianeter
(i.d.) polyvinyl chloride (PVC) casing was installed with an 8-inch i.d.
PVC screen along the bottom 47 ft of the well. Backfill consisted of
natural collapse material and cuttings fromthe hole. The top and
bottom of the screen were located 13.2 and 60 ft, respectively, bel ow
the initial water table, which was approximtely 19 ft bel ow | and
surface. Imediately prior to the test, the elevation of the water
table at the punped well was 46.80 ft above nmean sea level. The
regi onal tenporal trend of the water table was determ ned by neasuring
the elevation of the water table, in areas unaffected by punping,

before, during, and after the aquifer test. The water table was found

to have declined at a rate of 9.26x10_6 ft/mn over this tine period,
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requiring a slight correction (dimnution) in the late-tine drawdown
data. Observation piezometers and wells were constructed by auguring to
prescribed depths and installing 2-inch i.d., PVC casings with 2-ft-, 9-
ft-, or 39-ft-long PVC screens. Details with regard to the exact radial
and vertical positions and |l engths of the well screens are given in
table 2.| Henceforth, for convenience, the various observation

pi ezoneters and wells will be referred to as piezoneters regardl ess of
the I ength of the screen.

Wl |l F507-080 was punped at a rate of approxinmately 320 gal/mn

(42.8 ftslnin) for 72 hours. Discharge water was diverted through a

fire hose to a Massachusetts Mlitary Reservation sewage-infiltration
bed | ocated about 500 to 600 ft up gradient (north) of the test area.
The rate of well discharge was nonitored (1) by a manoneter and orifice
at the discharge point in the infiltration bed and (2) by noting the
time required to fill a 55-gal drumat the end of the fire hose

Adj ustments to the well head val ve were nade as necessary to naintain a
constant flow rate.

Water levels in all piezoneters were neasured manual ly using a
steel tape. |In addition, drawdown data were collected in the punped
well and in seven piezometers with pressure transducers connected to
data | oggers. An electric tape was used for manual collection of
drawdown data in the punped well. Recovery neasurenents al so were made
in selected piezometers and in the punped well.

Appendi x 11| (fig. A-K) shows plots of the drawdown data used for
anal ysi s, which have been corrected for the regional decline of the
wat er table, nentioned above. \Were transducer data are avail able, the
pl ot s show hand-neasured values at late tinme (solid circles) continuing
beyond the transducer values (dots). This is because, after about 300
m n of punping, the transducer val ues of drawdown are discarded since,
wi th one exception (F377-037), they appear to drift apart fromthe hand-
nmeasured values. The latter are considered nore accurate than the

transducer values in the late-tine range. Values of drawdown (open
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di anonds, squares, and circles) selected for use in the automatic
parameter estimation algorithmare also shown. Nunerical values for
parameter estimation are listed in Appendix Il table A| Recovery data
are not analyzed in this report, but were nmeasured in three piezoneters
wi th transducers (F505-032, F504-032, and F377-037). Al neasured data
(both drawdowns and recovery) are available fromthe USGS in electronic

form
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ANALYSES

Preliminary Analysis

The prelinmnary anal ysis of Mench and ot hers (1996) invol ved

traditional type-curve matching procedures using Neuman's (1974) nodel

and | ate-tine drawdown data to obtain the aquifer parameters K, K, and

Sf Type curves were generated with WTAQL (Mbench, 1993) for the

particul ar well screen/aquifer configuration, taking partial penetration
of the punped well into consideration and assuning the saturated
t hi ckness to be a known quantity. This prelinmnary analysis involved

use of the hand-neasured data only, because the rapidly changing early-

time data, required for evaluation of S, was not needed. The

prelimnary analysis involved the use of conposite plots of drawdowns
versus tine divided by the square of the distance between the

observation point and the punped well (double logarithnmic plots of h vs.

2 . . .
t/r). The procedure is essential for accurate evaluation of the

aqui fer hydraulic properties by analytical nethods (see Mbench, 1994) as
it allows the hydrogeol ogist to obtain a single match point and, hence,
a single set of hydraulic paraneters for data obtained froma nunber of
observation points simultaneously.

Initially, based on limted local well-log information, a
saturated thickness of 80 ft was assuned (see Hess and others, 1992).
This resulted in three problens: (1) conplete inability to match
theoretical type curves with conposite plots of drawdown data from
pi ezoneters | ocated near the punped well, (2) significant differences

bet ween the estimated paraneters and estinates based on prior studies

(for exanple, the value of K obtained by the Jacob nmethod was twice the

expected value), and (3) having to account for head variations in a
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pi ezoneter |ocated 28 ft bel ow the assuned base of the aquifer. A
second anal ysis was then performed after doubling the saturated
thickness to 160 ft. The justification for this change was not just
based on the three problens |isted but also on regi onal geol ogica
studi es (see LeBlanc, 1984, fig. 5) that indicate the presence of a
sharp transition fromvery coarse to very fine-grained sedinments with

i ncreased depth at about 150 ft. Upon changing the saturated thickness

to 160 ft, an estimate of K was obtained that was consistent with prior

studies at the site, and excellent matches were obtai ned for conposite
plots of all late-tine drawdowns |eading to a single match point (see
Moench and others, 1996). The val ues of vertical and horizontal
hydraul i ¢ conductivity and specific yield calculated fromthe natch
point are given in table 3./ Also shown in table 3 is the val ue of
saturated thickness b that was derived, in part, fromthe prelimnary
anal ysis. The fact that a doubling of the saturated thickness could
make such a difference in the theoretical responses was an indication
that an aquifer test conducted in a honbgeneous aquifer night be used to
obtain an estimte of saturated thickness (in addition to the primary
unconfined aquifer paraneters). The agreenment between the hand- nmeasured
drawdowns and the theoretical late-time responses, obtained with a
single set of hydraulic paraneters, provide support for the primary
assunptions in the Neuman nodel that control late-time piezoneter
responses. The prelimnary analysis al so shows that the use of an
incorrect estimate of the saturated thickness could | ead one to concl ude
that the [ ack of agreenent between neasured and theoretical responses is

due to aquifer heterogeneity.

Analysis by Nonlinear Least Squares

In this report, various analyses are performed by automatic
nonl i near paraneter estimation using the nodel WIA@ (Mench, 1997). In

this approach, differences between sinul ated drawdowns based on
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estimated hydraulic paranmeters and neasured (observed) drawdowns are

m ni mzed using a wei ghted sum of squared errors objective function
The paraneter-estimation code used in this report, PES%D(Doherty, 1994)

and t he upgraded versi on PEST2000, runs WITAQ3 repeatedly while
automatically varying the hydraulic paraneters in a systemati c manner
fromone run to the next until the objective function is mnimzed.
Statistics are provided showi ng the precision of the estimated
paraneters (for exanple, the 95 percent confidence lints, and
correlation coefficients). The literature on automatic paraneter
estimation is extensive and is not reviewed in this report. Papers by
Poeter and Hill (1997) and Hi Il (1998) provide excellent discussions of
t he nmet hodol ogy. The manual and code docunentation that comes with PEST
software provides additional hel pful information regardi ng paraneter
estinmation met hodol ogy.

Proper use of PEST, or any paraneter estimation algorithm often
requires a certain anount of fine-tuning acconplished only by trial and
error. Such adjustnments involve, for exanple, the proper selection of
initial parameter estimates, whether or not to use logarithmc paraneter
transformati ons, or other adjustnents necessary to optim ze PEST s
performance. Probably because of the relatively high quality of the
test data and the scale of the aquifer test relative to the correlation
| ength of the heterogeneity (discussed at greater length later in the
report), the necessary trial and error adjustnments were mininal for the
anal ysis of the Cape Cod data reported here.

In this report, a systematic (5 step) approach to data
interpretation was taken in order to gradually gain confidence in the

validity of the paraneters obtained by the paraneter estimator.

1. The paraneters S&, K., and K, were estimted using very |ate-

time data and the instantaneous drainage assunption. This allowed for

* The use of this product does not inply endorsenment by the U. S

Gover nment
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conparison with estinates reported in the prelinmnary analysis (Mench

and others, 1996).

2. The paraneters Sw b, K, and K, were estimted using very

late-tine data and the instantaneous drai nage assunption. This again
al l owed for conparison with parameter estimates reported in the
prelimnary anal ysis.

3. Based on the previously estimted aquifer paraneters, the |ate-

time punped-well data were used alone to obtain the well bore skin factor
(S, -
4. The paraneter S, was estimated with the exclusive use of very

early-time transducer data, the previously obtained aquifer paraneters,
the wel Il bore skin factor, and by accounting for del ayed pi ezoneter
response.

5. Finally, under the gradual drainage assunption, the conplete

data set with 461 drawdown values in 20 piezometers was anal yzed with

PEST to obtain all relevant aquifer parameters sinmultaneously (S, Sw

b, K, K, and three enpirical o parameters). [Table 2 provides the

nunbers used by the parameter estimator to identify the measured

observati ons.

Eval uati on of S, K. K Using Late-Tine Data (Step 1)

An anal ysis was performed on drawdowns neasured in all piezoneters
at tinmes greater than one day (about three values for each piezoneter at
approxi mately 2,000, 3,000, and 4,300 m nutes; see Appendix II| figures
B-K). The anal ysis assunes instantaneous drainage fromthe unsaturated
zone. Wth the chosen saturated thickness of 160 ft, used in the
prelim nary anal ysis by Moench and others (1996), the paraneter-
estimation code produced the paraneter values listed in table 4.| Table
4 al so shows the upper and | ower val ues of the 95 percent confidence

limts and initial values used in the sinmulation. The 60 observation
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val ues used in the sinulation were given equal weights. The paraneter

values in table 4 agree reasonably well with the values shown in table

3, al though Syi n table 4 is about 25 percent greater than the value in

table 3.| This difference is apparently a consequence of the reduced

time span of the selected data and the unbi ased treatnent performnmed by
paranmeter-estinmati on code as conpared with visual type-curve natching.
An experinment conducted by using a reduction in the initial time span

(2,000-4,300 nin), to 3,000-4,300 nn, gave rise to an increase in the

val ue of Sy fromO0.287 to 0.304, which is consistent with what one m ght

expect as a consequence of gradual drainage fromthe unsaturated zone.

In the reverse sense, if the tine span is expanded to include val ues of

time closer to the start of punping, the estimted val ues of Sy

decrease, evidently as a consequence of the assunption of instantaneous
drai nage. Such was the case in the analysis of the hand-neasured data
fromthis aquifer test perfornmed by Heidari and Moench (1997, table 5)

whereby only the first 10 m nutes of data were excluded fromthe

anal ysis and a val ue of 5%20.183 was obtained. |In general, attenpts to

i ncorporate as nuch data as possible fromthe internedi ate-tine range
wi t hout placing enphasis on the late-tine data can explain the
relatively small values of specific yield often obtained by both visua

type-curve matching and by nethods of automatic paraneter estination.

Eval uati on of Sy, b, K, K, Using Late-Tinme Data (Step 2)

Results of a PEST simulation with the same data set but all ow ng
the saturated thickness to be one of the estinated paraneters is shown
in table 5./ Interestingly, the estimated saturated thickness is close
to the value of 160 ft chosen for use in the prelimnary analysis. The
finding suggests that late-tine drawdown nmeasurenents in piezonmeters
properly located in the aquifer are sensitive to the effective base of

the saturated zone. Unfortunately, other factors nay be at play, such
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as possible | eakage fromthe fine-grained material underlying the

aqui fer and/or flow paths diverted by heterogeneous materials or
lithologic structures located in the aquifer at depth. These factors

m ght lead to an estimated saturated thickness (based on the hydraulic
data) that is, by coincidence, close to the value obtained fromthe

geol ogi c cross section. Results from additional, carefully designed
aqui fer tests conducted in honbgeneous unconfined aquifers are therefore
needed before hydraulic tests can be considered an effective nmethod to

identify aquifer thickness.

Eval uation of S, Using Late-Tinme Punped-Well Data (Step 3)

In addition to the aquifer paraneters evaluated fromthe late-tinme

pi ezoneter data, it was necessary to use |late-tinme punped-well data

(Appendix 11, fig. A)| to evaluate the wellbore skin factor (S). The

latter was needed for an inproved estimate of specific storage (S,), as

shown in the next section. |If the ability of a skin to transnit water
is less than that of the aquifer, drawdowns in the punped well are
enhanced, and there is an apparent increase in wellbore storage, the
consequence of which is to reduce drawdowns in the aquifer at early tine
over the value that woul d have been obtained with no skin (see, Mench
1985, figure 7b). |If the hydraulic conductivity of the skin is enhanced
over that of the aquifer (as by gravel pack or well devel opnent),
drawdowns in the punped well are decreased and there is an apparent
decrease in well bore storage, which increase drawdowns in the aquifer at

early time. The decrease in wellbore storage in this instance is due to

an effective increase in wellbore radius r , as a consequence of the

gravel pack or well devel opnent (see table 1). Because an accurate

eval uation of specific storage is dependent on proper analysis of early-

time data, it is inportant to obtain an estimate of S, (or an effective

r,o).- The factor S, is easily evaluated by a trial and error conparison
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of measured late-time punped-well data with drawdowns predicted for the
punped well at late time using known val ues of the aquifer paraneters
and known punped-wel | dimensions. This can be acconplished by visua
data mat ching or by automated procedures.

Using the paraneters listed in table 5,|] a negligibly small val ue

of specific storage, and the drawdown data in Appendix Il (table A)| for

the punped well (F507-080), the PEST algorithmyields S=1.375 with a 95

percent confidence range of 1.301 to 1.454. Figure 5 shows a plot of

measured and sinul ated drawdowns using the paraneters in table 5 and
S,;=1.4. The curves in figure 5 for §=1.2 and 1.6 denonstrate the
sensitivity of drawdowns in the punped well to variation in wellbore

skin. Note that the larger value of S, in figure 5 produces greater

t heoretical drawdowns in the punped well. Additional discussion and

anal ysis of the punped well data can be found in the discussion section

Eval uation of S, Using Early-Time Data (Step 4)

Wth estimtes of the aquifer paraneters (Sw K., and K,) and the
wel | bore skin factor (S,) obtained fromlate-time data, it was possible

to estimate the specific storage (S;,) of the aquifer. The additiona

parameters needed for the conputations are the wellbore radii for the

punped well (r_ and r ), and the radii (rp) and screen lengths (L) of

t he observation piezoneters. Inclusion of del ayed piezoneter response
can be acconplished either by slug testing each piezometer, which is the
recommended approach if piezometers respond slowy to slug testing, or
by use of a theoretical formula derived by Hvorslev (1951). The latter
was used in this report and was obtained fromthe follow ng formul a
(Moench, 1997):

. L
T n[x + 1+ x3)"3

(25)
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wher e x=kL/2rp, k=(KJ+g)ﬂ2, and L=z,-z,. The screen length L is given

in table 2, rpzl inch for all piezometers, and K/K, has been determ ned

fromthe late-tinme data (table 5).] From Appendix II| (fig. B-[E, which
show drawdowns in the piezoneters that have transducers), it is evident
that early time data exist only for a few tens of seconds after the
onset of punpi ng.

In this section, for estimation of S, the analysis was performed

using only the first 6 values of drawdown selected for PEST (see fig. B-
E, Appendix Il) from pi ezoneters F505-080 and F504-080, the first 5
val ues from pi ezoneters F504-060, F505-032, F504-032, and F377-037, and

the first 4 values from pi ezoneter F505-059. The val ues of Sw K., K

and b used were those in table 5, and the value of S, (1.4) was that

determined in the previous section. Fromthese early-tine val ues of

drawdown only the estimted value of S, was determned to be 1.26x10'5
frot

It is of interest to note that if delayed pi ezoneter response is
not included in the analysis, the value of S  is increased by 50 percent

-5 -1 . . .
to 1.97x10 ft , denobnstrating that an accurate estimte of specific

storage requires inclusion of this effect. It is also of interest to

determ ne the value of S, obtained if effects of wellbore skin are not
included in the analysis. Ignoring the effects of both well bore skin at
the punped well and del ayed piezoneter response results in a value of S

equal to 2.33x10°° ft "\ If a line-source nodel is used a val ue of S,

equal to 3.6x10  ft = is obtained.

Havi ng estimated the primary aquifer parameters fromthe late-tine
data, and the specific storage fromthe early-tine data, it should be

noted that the paraneters can also be estimated simultaneously, using
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PEST, by weighting the early-tine data and late-tine data equally and
giving the internmedi ate-tinme data zero weight. The results of such an
anal ysis are shown in table 6, with small differences in paraneter
values fromthose in table 5. Figures 6-12 show the conparison of
nmeasured and sinul ated drawdowns, using the paraneters in table 6 and

assum ng i nstant aneous rel ease of water fromthe unsaturated zone

Eval uation of S Sy, b, K, K, and a_ Using Data for Entire

Ti me Range (Step 5)

Drawdowns in the shall ow piezoneters that have transducers clearly
show the early-, internediate-, and late-tine ranges defined in the
Introduction (see the responses for piezometers F505-032, F504-032, and
F377-037 illustrated in fig. 8 and 9).! It is evident upon close
exam nation of figures 6-/12 that the difference between neasured and
simul ated drawdowns in the internediate-tine range is nost apparent in
pi ezoneters closest to the water table and that the difference appears
to increase with distance fromthe punped well. Any attenpt to estimte
the aquifer paraneters by visual or autonmated nethods w thout accounting
for this difference is likely to yield inaccurate results. Accuracy can
be i mproved by avoiding the use of shallow piezonmeters as di scussed by
Moench (1994), or by restricting the analysis to very late-tinme data and
early-tinme data as was done to obtain the paraneter estimates in Lable
6.

As di scussed previously, it is possible to account for effects of
gradual drainage by insertion of a nodified formof the Boulton (1963)

i ntegral, which includes nore than one enpirical paraneter, into the
boundary condition for the free surface (see equation 7). To
denonstrate that three enpirical paraneters are necessary and apparently
sufficient for the nodel to sinulate actual drawdowns in the

i nternedi ate-tine range, paraneter-estinmation runs were made by fixing

the primary hydraulic parameters with the values given in table 6 and
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allowing the algorithmto estinmate the best-fit enpirical paraneters
using data from pi ezoneter F377-037 |[(figure E, Appendix Il). Figure 13
conpares neasured data with the sinmulated responses for instantaneous
drai nage (fig. 13a),| and gradual drai nage using one (fig. 13b), two
(fig. 13c),| or three (fig. 13d)| paraneters. Experinmentation led to the
conclusion that three paranmeters are adequate for purposes of paraneter
estimation for this aquifer test. Because of local head variations
caused by aquifer heterogeneity, the use of additional enpirica

drai nage paraneters did not appear justified.

Tabl e 7 shows the values of the 5 characteristic aquifer
parameters and 3 enpirical paraneters estimated sinultaneously using the
PEST al gorithm The conplete set of evenly weighted drawdown data from
all 20 piezoneters was used (see Appendix |II, figures B-K and table A).
A unit weight was applied to each data point. Experinents with
di fferent weighting schenmes resulted in little or no change in the
estimated prinmary water-table paraneters. For exanple, when weights
were made proportional to the ratio of nmaxi mum drawdown in a given

pi ezoneter to the value at the time of interest, the estimted val ue of

Sy decreased about 1 percent, K and K, each increased about 2 percent,

the value of b increased by about 4 percent, and the val ue of estinated

S, increased from1.3x10° ft " to 2.3x10 " ft *. The value of wellbore

skin (S,=1.4) required for the conputations had been determ ned

i ndependent |y, as discussed previously.

The correlation coefficient matrix provided by PEST for the
results presented in table 7 is shown in table 8.] The table suggests
that the various estimted paraneters should be independent of one
another; that is, the estimted value of one paraneter does not
significantly influence the estimated val ue of any other. However,
because of the nethod used by PEST to calculate the correlation
coefficients, the reader is cautioned against placing a great deal of

reliance on values that differ significantly fromunity (HIIl, 1998). A
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recommended approach to exanmi ne the uni queness of the estimated
parameters is to rerun PEST using different initial parameter estimates.
The results of one rerun are shown in table 9,/ and are offered as

evi dence of the reproducibility of the results in table 7. Differences
in the estimted val ues do not have a noticeable effect upon simnul ated
drawdown responses. The reproducibility in tables 7 and 9 is due in

| arge neasure to the quality and quantity of the data set. It is shown
in the discussion section of this report that the use of alimted
nunber or arrangement of piezometers may not al ways provi de consi st ent
and uni que results.

Conpari sons of observed and sinul ated drawdowns based on the
parameters in table 7 are shown in figures 14-20. The degree of
agreenent between observed and sinul ated drawdowns denonstrates that:

(1) the relevant physical processes occurring in the course of the

aqui fer test appear to not only include the horizontal and vertical flow
and storage of water in the aquifer, but also the tinme-dependent

drai nage of water fromthe unsaturated zone across the water table and
(2) the scale of the aquifer test (that is, the punmping rate and the
size of the drawdown cone) was | arge enough that the known aquifer

het erogeneity at this site (Hess and others, 1992) had little influence
on the properties estimted fromthe aquifer test analysis. (The inter-
bedded nature of the sand and gravel, glaciofluvial deposits is reveal ed
i n a photograph published by LeBlanc and others (1991, fig. 3) and
descri bed by Hess and others (1992, p. 2012).) The estinated paraneters

(S, S

y b, K, and K,) are entirely reasonable for this type of aquifer

and can be supported, in part, by independent investigations at the site

(Hess and others, 1992; Springer, 1991).
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DISCUSSION

Many hydrogeol ogi sts would likely agree that the aquifer test
analyzed in this report is atypical. Not only is the scale of the test
| arge enough to average the effects of smaller-scale heterogeneity in
the aquifer, but also there appear to be few or no interfering effects
(for example, effects of recharge or discharge due to precipitation or
evapotranspiration, extraneous punping, l|lateral boundaries, and so
forth) over the duration of the test. |In addition, the test was
desi gned and executed with a mninum of problens: the punping rate
varied only slightly over the course of the test; the punping rate was
set at a rate that was sufficiently great to obtain accurate drawdown
nmeasurenents, but not so great as to cause significant changes in
saturated thickness near the punped well; the well-discharge disposa
site was sufficiently renpte that infiltrating water had a negligible
ef fect upon eval uation of aquifer paraneters or prediction of aquifer
response; and, the piezoneters were positioned at such depths and
di stances that the aquifer paranmeters could be accurately diagnosed from
t he transducer and hand-neasured drawdown data. Although the aquifer
test described in this report is ideal in several respects, the approach
used here should be applicable el sewhere given data of sufficient
quality and quantity.

Paraneter values in table 5 show that Neunman's nodel, which
assunes instantaneous drainage fromthe unsaturated zone and a line

source for the punped well, yields reasonable estinmates of the primary

unconfined aquifer paraneters S&, K., and K, when using late-tine test

data. It also appears that Neuman's nodel produces an estinate of the
saturated thickness of the aquifer that is consistent with that which is
known fromthe regional geology. As nmentioned previously, |eakage from
the "inperneabl e" base of the aquifer and, perhaps, undetected

het erogeneity at depth, casts sone doubt on whet her an aquifer test
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anal ysis can be used in general for the estimation of aquifer thickness.
To obtain accurate estimates of these four paraneters with the Neunan
(1974) nodel, the aquifer test should be run w thout interference from
extraneous influences for an extended period of tinme (three days, in the
test exam ned here), the analysis nust be weighted heavily toward the
late-tine data (tines greater than 2,000 m nutes), the piezoneters
shoul d be | ocated near a partially penetrating punped well at various
dept hs and di stances such as illustrated in figures 3 and 4,| and the
nodel assunptions nust be reasonably net.

Results illustrated in figures 6-/12 denpnstrate that the
assunption of instantaneous drainage fromthe unsaturated zone does not
provide a satisfactory description of flow processes in the tine range
of about 1 to 1,000 nminutes. All piezoneters, with three exceptions,
show significant differences between measured and theoretical responses
inthis tine range. The three exceptions (F505-059, F505-080, and F504-
080) are relatively deep piezoneters located in close proxinity to the
punped well where effects of drainage fromthe unsaturated zone,
al t hough present, do not nanifest thenselves to the sane extent as in
the other piezoneters. The differences between neasured and theoretica
drawdowns in the logarithmc plots shown in figures 6-/12 are greatest in
pi ezoneters | ocated closest to the water table, and appear to increase
with distance fromthe punped well. It is of interest to note that the
short-screened piezoneters |located closest to the water table are stil
at least 9 ft below the water table. Thus, one m ght expect to see even
greater differences in piezoneters |located closer to the water table.

In addition, the aquifer is coarse-grained and hi ghly perneable, so one
m ght expect to find still greater differences in aquifers that are | ess
per meabl e.

The above findings, denonstrated in figures 6-12, contradict
statements by Neunman (1972, 1974, 1975, 1979, 1987) that drawdowns in
unconfined aquifers are not significantly affected by drainage fromthe

unsaturated zone. It is only in the three deep-seated piezoneters
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| ocated close to the punped well (F505-059, F505-080, and F504-080),
nmenti oned above, that Neuman's assunption of instantaneous drainage

nm ght appear to be satisfactory. This point is exam ned in greater
detail toward the end of this discussion. 1In general, if automated
net hods are used for parameter estimation with nodels that assune

i nst ant aneous drai nage fromthe unsaturated zone, w thout judicious
wei ghting of the data to elimnate internediate-tine data (and early-
time data if line-source nodels are used), then one should be skeptica
of the validity of the estimted paranmeters. On the other hand, if
type-curve nethods are used for paraneter estimation with nodels using
t he i nstantaneous drai nage assunption, an experienced practitioner can
acconplish the judicious weighting visually and the results should be
satisfactory.

The results shown in figures 14-20 denponstrate that the
differences (seen in fig. 6-/12) between theoretical and neasured
drawdowns can be al nost entirely elimnated by use of a single set of
three enpirical paranmeters, estinmated by PEST, designed to account for
the effects of gradual drainage of water fromthe unsaturated zone
across the water table. The fact that the sane set of enpirica
paranmeters essentially elininates the intermedi ate-tinme discrepancies in
all piezoneters simultaneously shows that they can be considered
constants for this particular aquifer test. As discussed in the section
that follows, nminor deviations between neasured and simnmul ated drawdowns
as seen in one plot relative to another in figures 14-20 appear to be
randomy distributed and can be attributed to local variations in
aqui fer properties (heterogeneity). Two possible exceptions to this
statement can be seen in figure 19a and 19b for piezometers F385-032 and
F376- 037, which are | ocated about 225 ft north of the punped well (see
fig. 3).] Close exam nation of figure 19 reveals that the neasured | ate-
time drawdowns in these piezoneters is less than the expected drawdowns
based on the sinulated responses. A likely explanation for these

di m ni shed drawdowns, which are in the range of 0.01-0.03 ft after about
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1,000 minutes of punping, is the influence of recharge fromthe disposa
of the well discharge water in the infiltration pit sone 300-400 feet

further north.

Effect of Heterogeneity on Aquifer Test Results

Al t hough the fit of the gradual drai nage nmodel to drawdown
nmeasurenents is quite good, there are mnor differences noted between
si mul ated and neasured drawdowns (see fig. 14-20). The analysis
approach used in this report was to fit all of the observations of
drawdown as a group, and in so doing, produce an estimate of the average
aqui fer properties. It was expected that there would be differences
(errors) between the sinulated and nmeasured drawdowns caused by | oca
variations in aquifer properties (that is, aquifer heterogeneity,
primarily in hydraulic conductivity), and that these deviations would be
smal |l and randomin distribution across the area of the aquifer test.
In general, these differences can be characterized as mnor fluctuations
in an otherwi se uniformy varying drawdown distribution around the
punped well. The output fromthe PEST algorithmfor the results in

table 7 indicate the sumof squared residuals between sinulated and

neasur ed drawdowns to be 0.0848 ftz, fromwhich the vari ance and

standard deviation are calculated to be 1.75x10_4ft2 and 0.013 ft,

respectively. Deviations fromthe nmean head distribution are expected
at the test site because the aquifer is mldly heterogeneous (Hess and
others, 1992), and the variations in aquifer properties (particularly
hydraul i ¢ conductivity) produce perturbations in the head field relative
to the mean distribution

A conparison of aquifer characteristics devel oped as a result of
this test to those reported by Hess and others (1992) for the sane
aquifer help put the effects of heterogeneity on the test results
reported here in sone context. The average val ues of horizontal and

vertical hydraulic conductivity found by Hess and others (1992) were
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0.123 cnfs (0.242 ft/mn) and 0.099 cm's (0.195 ft/mn), respectively.

These conpare closely with the values reported for this test (K=0.233

ft/mn and K,=0.142 ft/mn, see table 7) considering the conparatively

| arge radial and vertical extent of the aquifer test. Measurenents of
hori zontal hydraulic conductivity reported by Hess and others (1992)
were made using flowreter tests conducted in the upper 25 ft of the
saturated zone. Estimates of vertical hydraulic conductivity were made
usi ng geostatistical analyses, as was the spatial correlation structure
of the aquifer. The flowneter tests are small-scale single-well tests
conducted in wells located within the cone of depression of the aquifer
test approximately 30-50 ft northeast of the punped well. The fl owreter
tests produced hundreds of small-scale measurenments of hydraulic
conductivity in the upper aquifer, and the above values are geonetric
means of those neasurenments. The close conpari son between the results
of these two i ndependent sets of experiments indicates that not only are
the results of the aquifer test good estimates of average conditions,
but also that the average hydraulic conductivity values don’t vary nuch
at the scale of the aquifer test. This latter conclusion supports the
assunption of honogeneity made for the analysis reported here, if
honogeneity is viewed in an average sense. That is, although the
aquifer is known to be heterogeneous, the statistical variability of the
aqui fer properties is constant across the area of the test, and
therefore, the average aquifer properties renmmin constant over the area
of the test.

Hess and others (1992) also estinmated a variance of 0.24, a
hori zontal correlation scale of 3.5-8 m(11.5-26.2 ft), and a vertica

correlation scale of 0.19-0.38 m(0.62-1.25 ft) for log hydraulic
conductivity (In K) at the site. These estimates indicate that the
sand and gravel sedinments at the site are mldly heterogeneous and that

the correlation scales are about the sane size as the | enses and | ayers

that conpose the aquifer (see photograph in LeBlanc and others, 1991
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fig. 3; and description by Hess and others, 1992, p. 2012). A
conparison of the correlation scales to the size of the cone of
depression fornmed during the aquifer test, w th neasurabl e drawdowns
over a radial distance of over 200 ft (60n) and depth bel ow the water
table of up to 110 ft, also indicate that the size of the aquifer test
was many tinmes |larger than of the aquifer correlation scales. This is
addi ti onal evidence that the aquifer test very likely integrated the

ef fect of many different values of hydraulic conductivity, and that the
anal ysis of the test measurenents should result in a good estimate of

t he average val ues of the aquifer properties.

The val ue of the variance of In K, can be used to estimate the

expected ani sotropy of aquifer hydraulic conductivity (the ratio of
hori zontal to vertical hydraulic conductivity) by use of an equation

nodi fied fromthe results of Gel har and Axness (1983, equation 59):

KIK = (1+a,°/2)/(1-a,°/2) (26)
wher e af is the variance of In K. Using the value of In K variance

gi ven above (0.24), this equation produces an aquifer anisotropy ratio

of 1.27, which is reasonably close to the value that can be cal cul at ed

fromK/K, in table 7 (1.64). These values are also very sinlar to the

val ue reported by Hess and others (1992) (1.24). This provides another
i ndication that the aquifer test results are conparable to the earlier
results of Hess and others, and are reasonable estimtes of average
aqui fer conditions.

An estinmate of the expected variance of head in the aquifer can be
made using an equation devel oped by Naff and Vecchia (1986) for three-

di rensional flowin a horizontally stratified aquifer
Uy =T a” 35 A A,/ 8 (27)

where o 2 is the variance of head for three-dinensional flow, J is the

3Dh

hori zontal hydraulic gradient, A/ is the In K correlation scale in the
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hori zontal plane, and A, is the In K, correlation scale in the vertica

pl ane. A one-di nmensi onal version of the equation can al so be used

(CGel har, 1993, p. 143):

2 2 2

2
a = 5.34a, J Al

1Dh (28)

2 . . . . .
where a,, is the variance of head for one-dinensional flow A uniform

gradi ent was assuned in the derivation of equations 27 and 28.

In order to cal culate the head variance using the above equati ons,
an estimate of the hydraulic gradient is needed. This could be obtained
usi ng the gradual drainage equation, but a sinpler approximtion can
al so be applied by taking the spatial derivative of the Jacob (1950)

straight-line equation:
h = (Q4rT)In(2.25 Tt/r’S) (29)

where T is the aquifer transmissivity and S is the storage coefficient,
or storativity. The derivative of drawdowns with radial distance for

t he above equation is:

dh/dr = -Q 2mTr (30)

If the values for the aquifer test are used (Q = 42.8 ft3/nin and T =

39.1 ftzlnin), hydraul ic gradients can be cal cul ated; these vary from

about 0.01 (ft/ft) at a distance of 17.4 ft to 0.001 (ft/ft) at a
di stance of 174 ft fromthe punped well. (For purposes of conparison
t he nmeasured horizontal hydraulic gradient prior to the test was
approxi mately 0.0015 ft/ft and just prior to the end of the test near
t he punped wel |, between piezoneters F505-059 and F504- 060, was
approximately 0.014 ft/ft).

Tabl es 10a and 10b provi de values of the variance and standard

deviation in netric and English units, respectively, for the indicated

val ues of afz, J, A and A3. The tables indicate that the standard

11
devi ation of the aquifer head variations (columms 6 and 8) are likely

small, and if the normal range of these head variations are
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approxi mately four (that is, £ 2) standard deviations, then this range

is on the order of a few centimeters (0.1 ft) or less. This magnitude
of head variation around the nean conpares well with those differences
seen between the sinulated and nmeasured drawdowns for the aquifer test
(standard deviation 0.014 ft and a range of 0.06 ft).

There are limtations to the above analysis that should be noted.
First, the analysis is strictly valid only for a stationary hydraulic
gradient, that is, one that is constant in space. This is certainly not
true for the case of radially convergent flow around a punped well;
however, it would be unlikely that the head variati ons woul d be |arger
than those for the one-di nmensional case, as the standard deviations are
about an order of mmgnitude | arger than those for three-dinmensiona
flow, and represent an extreme case where flowis forced to travel
wi thin each nonuniformity in the aquifer. The reader is referred to
CGel har (1993, chapter 4.1) for a discussion of this assunption and the

ef fect of dinensionality on the head variance. |In addition, equations

27 and 28 are based on an assunption of a small value of In K variance,

whi ch appears to be satisfied here because the value of 0.24 is much

l oner than the often-observed value of approximately 1.0 for the In K

vari ance (see Gel har, 1993, p.103). Finally, the assunption of steady
flow conditions for these equations isn't strictly satisfied, but the
smal | variation over time that woul d be necessary for the Jacob

straight-line nethod could be applied. Here, the value of the

di mensi onl ess paraneter u (= rZS/4Tt) woul d need to be less than 0.05

and with this assunption the hydraulic gradi ent would be changi ng very
slowy over tine, satisfying the basic assunption of steady fl ow
condi ti ons.

One can conclude that given the assunptions and linmitations noted
above, the effects of heterogeneity on the results of the aquifer test
site are small, and in general it was observed that the neasured

drawdowns at piezonmeters and wells were very close to the simulated
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val ues for a honpbgeneous porous nedium |In addition, the cal cul ated
aqui fer property values fromthe aquifer test results are very sinmlar
to geonetric mean val ues cal cul ated from many small-scal e neasurenents
made in the sanme aquifer, supporting the contention that the aquifer

test values are average results for the aquifer in the area of the test.

Parameter-Estimation Experiments with Measured Drawdown

Because of the quality and quantity of the neasured drawdown dat a,
the scale of the test relative to the aquifer heterogeneity, and the
avai lability of the necessary information, sonme general recomendations
can be nade about the planning, execution, and analysis of unconfined
aquifer tests. Addressed are the consequences of (1) having only
punped-wel | data to analyze, (2) having a |linited nunber and
di stribution of piezoneters and assum ng (a) gradual drainage fromthe
unsaturated zone, and (b) instantaneous drainage fromthe unsaturated

zone, and (3) having an aquifer test of limted duration

Experiments with Punped-Wel | Data

Because observation piezoneter data are often unavail abl e,
hydr ogeol ogi sts will commonly attenpt to estinmate aquifer paraneters
from punped-wel | data alone. It is shown in this section that the
punped-wel | data obtained during this aquifer test, although of
reasonably good quality, do not |end thenselves to accurate eval uation
of the aquifer parameters. 1In general, efforts to obtain reliable
estimates of aquifer paraneters other than transmi ssivity with punped-
wel | data are unlikely to be successful. To do so would require that
the test be designed with that in mind and special precautions would
have to be taken. Such precautions m ght involve the use of hydraulic
packers to reduce effects of wellbore storage and/or involve the use of
special devices to nmonitor and control the flow rate accurately.

Al t hough special drilling methods were used in this investigation to
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avoid the introduction of foreign material, effects of wellbore skin
wer e nonet hel ess apparent. This was |ikely because of turbulence in the
wel | bore or flow constrictions caused by the well screen

Figure 21 is a sem-logarithmc plot simlar to figure 5 but with
an expanded drawdown scale that anplifies the fluctuations in drawdown
as recorded by a transducer. The fluctuations appear to be a
consequence of minor variations in discharge. A plot of theoretica

drawdowns, simulated by using the paraneters listed in table 6 and with

S,=1.375 (as deternined previously), is superinposed on the transducer

data. Wth the exception of the first 0.3 nmin, and a portion of the

i nternedi ate-tine data between 10 and 100 min, the simulated response
fits the neasured data reasonably well. The slope of the straight |ine
inthe late-time portion of the sinulated drawdown curve is 0.21/1og

cycle and, by the method of Cooper and Jacob (1946), gives rise to the

expected val ue of transmssivity (38 ftzlnin) corresponding to the

product of K and b in table 6. Thus, by judicious placement of a

strai ght edge on the neasured late-tine data, or by means of a | east
squares polynomial fit, it should be possible to obtain a reasonable
estimate of the transmissivity. 1t is evident fromthe data, however,
that the choice of slope is open to interpretation. Unfortunately, for
several reasons, transmissivity is about the only paranmeter that can be
estimated to any degree of reliability frompunped well data. This is
due, in large part, to enhanced drawdowns in the punped well because of
wel | bore skin, fluctuations in drawdowns due to di scharge vari ati ons,
and insensitivity of drawdowns in the punped well to vertical conponents

of flowin the aquifer.
An attenpt (using PEST) to estimate the aquifer paraneters Sw K,
and K, fromthe punped well data (figure A Appendix Il) using the

"known' value of b (170 ft) and assum ng, for lack of contrary

information, that S, equal zero, gave rise to the values S§:0.094,
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K=0.21 ft/min, and K,=0.018 ft/mn. Because of variations in measured

drawdowns at early time, the first 0.5 min of data (see figure A
Appendix Il1) were elimnated fromthe analysis. The results were not
significantly different when the analysis was restricted to drawdowns at
late tine (tinmes greater than 400 nin). These estimted aquifer
property values are clearly at odds with the paraneters obtained by
usi ng the 20 observation piezometers. Even with known wel |l bore skin
parameters (which could conceivably be estimted by neans of a step-

drawdown test) anal yses of the punped-well data did not yield inproved

estimation results. Repetition of the above tests with S=1.375 gave

rise to the val ues S§=0.056, K =0.26 ft/mn, and K,=0.032 ft/mn.

Based on these results, it is reconmended that analysis of punped-
wel | data wi thout supporting aquifer piezoneter data be approached with

extrene caution, if at all.

Experiments with Limted Piezoneter Distribution

In this section, the results of a number of conputer runs
performed on sel ected piezonmeter groups, listed in table 12,| are
presented in an effort to deternmine the effectiveness of one |ocation or
di stribution of piezometers conpared with another. Because of the
reduced data sets, it was not always possible to find the gl obal optimm

using the original initial values (shown in table 6) for the
characteristic aquifer parameters (S, S&, b, K, and K)). These
i nstances invol ved two groups of piezoneters |ocated near the water

table. The alternative initial values were for the paraneters Sw K,
and K, and are 0.2, 0.1 ft/min, and 0.1 ft/mn, respectively. In al

instances, the initial values of the enpirical paraneters a;, a, and o,

29

are, respectively, 10°, 10>, and 10". Letters A-Hin table 11
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correspond to columms of estimated paraneters in tables 12-/15. Col ums
A-D in tables 12-115 contain results of anal yses conducted on groups of
pi ezoneters |located at simlar depths, colum E on the group of |ong-
screened wells, and colums F-H on groups of piezoneters |ocated at
different distances (i.e., the three piezonmeter clusters).

G adual dr ai nage. Tabl e 12 shows the results of PEST sinul ati ons

using the sel ected piezoneter groups with the assunpti on of gradua

drai nage fromthe unsaturated zone and adjustabl e saturated thickness.

The val ues of the characteristic aquifer parameters (S, Sw b, K, and

K,) shoul d be conpared with the values determi ned using all piezometers

(table 7), which are shown in table 12 (and 13)| for conveni ence.
Results in table 12 (and 13),| colums A, B, and E-H, were obtai ned using
initial values for the characteristic aquifer paraneters that are the

sane as those in table 6.] Results in table 12 (and 13), colums C and D

required the use of initial values for Sw K, and K, that were close to

t he expected val ues as indicated above.

The estimated characteristic aquifer paranmeters in table 12
colums A and B, for deep-seated and m d-depth piezoneters, are
reasonably close to the values given in table 7 and are reproduci bl e
using different initial values. The differences found in the enmpirica
paraneters between the values given in table 7 and the values in colums
A and B are not surprising and are indicative of the sensitivity of
these paraneters to measurenent error and aquifer heterogeneity. They
do not noticeably change the match between theoretical and neasured
drawdown seen in figures 14,| 15, and 18.] The results in colums C and D
for the shallow, close-in piezoneters and shall ow, distant piezoneters

do not appear to be unique. They appear to require the use of initial

values for K, K, and S& that are close to the expected val ues (nanely,

0.2, 0.1, and 0.1, respectively, as indicated above). |In the case of

colum C, however, through further experinentation, it was found that

the need to revise the initial val ues of K., K, and Sy was a
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consequence of the attenpt to estinate specific storage. By fixing the
val ue of specific storage at the value given in table 7 it was found

unnecessary to change the initial values of any paraneters. Al so, the

use of an additional enpirical parameter a, inproved the estimte of

speci fic storage (1.6x10_5ft_1) but did not significantly change the

other parameters. |In the case of columm D, the reason for the need to

revise the initial values of K, K, and Sy may be partially expl ai ned

by i naccurate hand nmeasurenents of snall drawdowns early in the test
(see figures E-|l in Appendix Il), and the fact that the flow regi ne at
the larger distances is essentially horizontal and would likely not be
sensitive to the aquifer saturated thickness or vertical hydraulic
conductivity. The results in both colums C and D suggest that anal yses
perfornmed using only shallow piezonmeters nay not always be trusted, and
t hat deep-seated piezoneters may be required to obtain satisfactory
par amet er esti mates.

The results presented in colums E-H of table 12 are, with one
exception, reasonably consistent with the results in table 7. The
exception is the simulation using the piezoneter cluster F383 (columm

H), whose results depart significantly fromthe others. Note the near

equality of K and K, and the large val ues of Sy and b. (The choice of

initial values close to the values in table 7 did not change the fina
results shown in colum H') Further experinmentation with this
pi ezoneter cluster, wherein drawdowns at times less than 100 nmin were

elimnated fromthe estimation process, yielded a totally unrealistic

estimate of specific yield (5%20.739). These results suggest that the

| ocations of the piezonmeters in the F383 cluster are such that the

aqui fer response there is insensitive to the exact value of the
hydraul i c paranmeters. This is apparently due to essentially horizontal
flow at that location, which is at a distance of approximtely 95 ft

fromthe punped well.
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Because it is the usual procedure to specify the saturated
t hi ckness as a known quantity, the runs in table 12 were repeated by
using a fixed value of saturated thickness (170 ft). The results of
these runs are presented in table 13 and, with one or two exceptions,

appear to be reasonably consistent with the values in table 7.] The
primary exception is the value of K, in colum D for the shallow distant
pi ezoneters. This result again suggests a lack of sensitivity of the
data fromthe shall ow, distant piezoneters to aquifer thickness (b) and
vertical hydraulic conductivity (K). Specification of the saturated
thi ckness clearly results in an inproverment in the estimted hydraulic
conductivities in colum H for the nost distant piezoneter cluster as

conpared with columm Hin table 12.

| nst ant aneous drai nage. As mentioned repeatedly, nany

conventional anal yses of aquifer test data nake the assunption that

drai nage fromthe unsaturated zone occurs instantaneously in response to
a decline in elevation of the water table. This assunption was nade to
obtain the results shown in table 5 but to do so with the PEST
algorithmit was necessary to utilize only the very late-tine data
(times greater than 2,000 nminutes) nmeasured in each piezoneter. Tables
14 and 15 show results obtai ned under the assunption of instantaneous
drai nage wi thout and with, respectively, an assuned known saturat ed

thi ckness (b). Because there are significant discrepancies between
nmeasured and sinul ated drawdowns during the internediate tinme range for
nost piezoneters (see fig. 6-/12), it would be counterproductive to use
PEST with the nodel assunption of instantaneous drai nage over the entire
time range without appropriate weighting considerations. For the
results presented in tables 14 and 15, the analyses are linited to data
occurring over the final log cycle of tine (generally the last 7 val ues
chosen for analysis by PEST, or tine greater than 430 mn; (see figures
B-K in Appendix I1). Over this tine period, and for npbst piezoneters

t he di screpanci es nmentioned above (see fig. 6-/12) are not |arge and one

nm ght expect to get reasonable estimtes of the aquifer paraneters
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either by type-curve analysis or by application of the PEST al gorithm
That this may not always be the case is evident fromtables 14 and 15.

I nspection of the estimated paraneters in each of the selected
pi ezoneter groups of table 14 reveals that there is at |east one
parameter that is significantly different fromthe paraneters listed in
table 5.| [Table 15 shows that specification of the saturated thickness
reduces sone of the variability that is evident fromone piezoneter
group to the next. 1In all colums of table 15 the specific yield is

| ess than the val ues obtai ned under the nodel assunption of gradua

drai nage fromthe unsaturated zone [(tabie 13)]. The | ow val ues of Sy are

a consequence, in large part, of the extended tine range used in these
anal yses conpared with the significantly shorter tine range used to
obtain the paraneters in table 5.| The values of hydraulic conductivity
in table 15 show greater variability than the values in table 13 even

t hough early-tinme data, and nost of the internediate-tinme data, were
elimnated fromthe analysis. The results suggest the significant

i nfl uence of gradual drai nage processes (even for tines greater than 430
m nutes) and the inportance of using a nodel that takes account of this

process.

Experiments with Reduced Length of Test

Tabl es 16a and 16b show the results of PEST sinmnulations for
di fferent piezoneter groups with the nodel assunption of gradua
drai nage fromthe unsaturated zone for aquifer tests of different
duration. Sone inportant findings enmerge from exam nation of these
tables: tables 16a and 16b denmponstrate (1) that it may not have been
necessary to run this aquifer test for as long as it was and (2) a few
pi ezoneters located in proximty to the punped well at appropriate
depths may be all that were needed to define the aquifer
characteristics. By use of either the conplete set of piezonmeters or

just the deep-seated piezoneters (see table 16a for both), it appears
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that the results for an 8-hour test are as valid as the results for a
72-hour test. This finding indicates that the drawdown data obtained in
the first 8 hours of this aquifer test are adequate to define the
primary aqui fer characteristics as well as the three enpirica

paranmeters that account for gradual drainage. O course, w thout
nmeasurenents made in distant piezoneters it would not be possible to
judge the aerial extent to which the eval uated aquifer characteristics
apply.

Resul ts obtained for the |ong-screened piezoneters and the
conbi nation of three piezoneter clusters shown in table 16b show that
the shorter 16-hour and 8-hour tests do not agree as well with the
results of the 72-hour test as do the results of the 24-hour test. The
paranmeters with the greatest differences are the specific yield and the
saturated thickness. The differences are not great, however, and may be
perfectly satisfactory for nost applications.

Exani nation of figures 6-112 reveals that the piezoneters whose
nmeasured responses deviate the |east from sinul ated responses (based on
t he assunption of instantaneous drainage) are the deep-seated, close-in
pi ezoneters (F505-059, F505-080, F504-080, and F383-129). This set of
pi ezoneters is the sanme as the set of deep-seated piezoneters in table
16a except that F383-082 is replaced by F505-059. The results of
anal yses of the drawdown data fromthese piezoneters based on the
assunpti ons of gradual drai nage on the one hand and i nstantaneous
drai nage on the other, are shown in |table 17.| The primary difference in
the estimated paraneters is in the estimate of specific yield. Under
t he assunption of instantaneous drainage, the specific yield is alittle
nmore than half of that obtained under the assunption of gradual drainage
fromthe unsaturated zone. |In each instance it does not matter whether
the test was run for 8-hours or 72-hours.

Based on the paraneters in table 17 for the 8-hour test, sinmulated
and neasured drawdown responses are conpared for the case of

i nst ant aneous drainage in figure 22 and for the case of gradual drainage
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in fFigure 23.] The inprovenent seen in figure 23,| although marginal, is
evident in the internediate tine range. There are no noticeabl e
di fferences, however, in the simulated responses at late tine (last |og

cycle of time). The explanation for the significantly |larger value of
Sy obt ai ned by including gradual drainage lies in the fact that a |arger
val ue of Sy is needed to conpensate for the fact that water is retained

in the unsaturated zone and gives rise to only small increased drawdowns

in the deep-seated observation piezoneters.
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SUMMARY

A model for flowto a well in an unconfined aquifer was applied to
the analysis of a 72-hour aquifer test conducted in a sand and gravel
gl aci al -outwash deposit in Cape Cod, Massachusetts. This nodel allows
for gradual drainage fromthe unsaturated zone, wellbore storage and
skin at the punped well, and del ayed piezoneter response. An autonated
paranmeter estinmation algorithmwas used to obtain all relevant
unconfined aquifer paraneters, including the saturated thickness. The
detail ed anal ysis supports the results of a prelininary type-curve
anal ysis, reported by Mbench and others (1996), which nade use of an
anal ysis nethod of Neuman (1974) to evaluate horizontal and vertica
hydraul i ¢ conductivity and specific yield. Although the prelimnary
anal ysi s showed good agreenent between sinul ated and neasured drawdowns
at late time, there were found to be significant discrepancies between
simul ated responses and the internediate-tine data. The anal ysis was
ext ended using a nodified version of the Mbench (1997) nodel, with the
result that sinulated responses based on the estinated aquifer
paranmeters conpare well with nmeasured drawdowns in all piezoneters at
all times. Due to the high quality and quantity of the data and the
relative uniformity of the aquifer it was possible to provide sone
gui delines for the design and execution of unconfined aquifer tests of
the type found at this site

The nodel nodification involves the substitution of multiple
enpirical paraneters (as coefficients in exponential relations) for the
single enpirical paraneter used previously to describe drainage fromthe
zone above the water table. The single enpirical paraneter, which
assumes that the vertical flux of water at the free surface varies
exponentially in response to a step change in the elevation of the water
table, was found to provide only noderate inprovenment over the
assunption of instantaneous drainage. The introduction of a finite

series of terns, each with an additional enpirical paraneter,
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effectively elimnated di screpanci es between neasured and conput ed
drawdowns. Three such terns appeared to provide an adequate
representati on of the drai nage process that occurred during this test.
The val ues of the estinated hydraulic paraneters are consistent
with estimates fromprior studies and fromwhat is known about the
aquifer at the site. The estinmated values are: specific yield, 0.26;
saturated thickness, 170 feet; horizontal hydraulic conductivity, 0.23

feet per minute; vertical hydraulic conductivity, 0.14 feet per m nute;

and specific storage, 1.3x10"5 per foot.

Apart fromthe aquifer parameters, the principal findings that
result fromthe analysis and the additional paraneter-estimation

experinments are the foll ow ng:

(1) Punped-well data by thensel ves are not useful for estimating nost
unconfined aquifer paraneters. The prinary informtion obtained using
these data is an approxi mate val ue of aquifer transmissivity fromthe
late-tine drawdown val ues. Punped-wel| data are needed, however, in
order to estinmate the well bore skin factor that is used to inprove

estimates of specific storage.

(2) An analysis of early-tine data from piezonmeters with transducers can

yield reasonabl e estimtes of specific storage (S;) provided wellbore

skin, wellbore storage, and del ayed pi ezoneter responses are included in

t he anal ysi s.

(3) Under the assunption of instantaneous drai nage, estinmates of
specific yield (SQ, saturated thickness (b), horizontal hydraulic
conductivity (K) and vertical hydraulic conductivity (K) can be

obt ai ned using late-tine drawdown data, given a nunber of piezoneters

strategically located at depth in the vicinity of the punped well and
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given that the duration of the aquifer test is sufficient (72 hours in

this instance).

(4) The assunption of instantaneous drainage fromthe unsaturated zone
does not always |lead to an adequate sinulation of drawdowns in the
internediate tine range, which in this test are tines from approxi mately
1to 1,000 min. Even in those situations where anal ysis using the
assunption of instantaneous drai nage m ght be deemed appropriate (for
exanpl e, with deep-seated piezonmeters located relatively close to the
punped well), estinates of specific yield will likely be lowrelative to
val ues obtai ned using an assunption of gradual drainage or relative to

val ues obtained fromlate-tine data al one.

(5) Drawdown data fromthe shall ow piezonmeters |ocated at |arge

di stances fromthe punped well where flowis essentially horizontal
appear to be diagnostic of only horizontal hydraulic conductivity and
specific yield. Data fromthe shall ow piezonmeters | ocated near the
punped wel |, even though in a part of the aquifer that is strongly

i nfluenced by vertical conponents of flow, do not necessarily yield a
uni que set of aquifer paraneters. It is possible that this is partly a
consequence of the variably distributed drainage fromthe unsaturated

zone due to heterogeneity in the naterial overlying the piezoneters.

(6) Data from mid-depth and deep-seated piezonmeters |ocated near the
punped wel |, treated independently, appear to provide paraneter
estimates that are consistent with results fromthe data set as a whole

and woul d be the recommended | ocations given linmted resources.

(7) Tests performed with the nodified nodel on the conplete set of
pi ezoneters and on sel ected pi ezometer groups, independent of one
another, indicate that it is not necessary to run the aquifer test for

as long as 72-hours. It appears that for sonme piezoneter groups a test
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as short as 8-hours nay be adequate. For other piezonmeter groups, a 16-

hour test nmay be adequate.

It may be concluded fromthe analysis provided here that accurate
estimates of unconfined aquifer parameters using automatic paramneter
estimation techniques require a nmodel that accounts for all the physica
processes that influence the neasured drawdowns, even then it is
necessary that the test be well designed and executed. |[|f the relevant
processes are not taken into account, the paraneter estimation algorithm
treats differences between neasured and sinul ated drawdowns as errors in
nmeasurenent with a subsequent degradation in the validity of the
estimated paraneters.

It has been nentioned repeatedly that the Cape Cod aquifer test is
exceptional: the data are of unusually good quality, there are a
sufficient nunmber of observation piezoneters, the scale of heterogeneity
is small in conparison with the scale of the aquifer test resulting in
estimated paraneters that are average values for the aquifer in the area
of the test, the boundary conditions of the physical system appear to
conformsatisfactorily with the mathemati cal nodel, and interference
from extraneous sources is nmnimal. Field conditions do not often reach
this ideal: the aquifer may have | arge-scal e heterogeneity in hydraulic
conductivity or saturated thickness; the aquifer nay be bounded
laterally within the cone of depression; piezonmeters may be too fewin
nunber, inproperly located, or not in good hydraulic connection with the
aquifer; there may be interference fromone or nore extraneous sources;
and rel evant punped-wel |l and observation-pi ezoneter characteristics my
not be known. Because of the nearly ideal conditions and high data
quality, it is recomended that this aquifer test be used as a standard
agai nst whi ch other tests, conducted under |ess than ideal conditions,

are conpared
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NOTATION

initial saturated thickness of aquifer, L

2
wel | bore storage, L

vertical distance frominitial water table

wel | screen, L

t hi ckness of the wellbore skin, L

nodi fi ed Hvorsl ev shape factor, L
Hvor sl ev shape factor, L

hydraul i ¢ head, L

vertical average of hydraulic head in the

to and over the length of the punped-well

initial hydraulic head, L
nmeasured hydraulic head in a piezonmeter, L

average hydraulic head in the punped well,
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to top of punped

aqui fer adj acent

screen, L

L

hydraulic gradient in the horizontal direction

square root of ratio K/K,

hydraul i c conductivity in the vertical dir
hydraul i ¢ conductivity in the horizontal d
hydraul i ¢ conductivity of the well bore ski

vertical distance frominitial water table
punped-wel | screen, L

I ength of a piezometer screen, L

nunber of enpirical constants for gradua

unsat ur at ed zone
. 3_-1
pumping rate, LT

Lapl ace transform vari abl e

radi al distance from axis of punping well

ection, LTt

. _ -1
irection, LT
n, LT'

to bottom of

drai nage fromthe

L
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ef fective radius of the punped well in the interval where

wat er | evels are changing, L

radi us of observation piezoneter in the interval where water

| evel s are changing, L

out side radi us of the punped-well screen, L
storativity

- -1
specific storage, L
wel | bore skin factor
specific yield

L 2_-1

transmssivity, LT

time since start of punping, T

vari abl e of integration equation 6

di mensi onl ess paraneter defined as rZS/4Tt

vertical distance above bottom of aquifer, L

el evation of the m dpoint of an observation-pi ezoneter

screen above the base of the aquifer, L

vertical distance above the water table, L

el evati on of the bottom of an observation-wel!l screen above

t he base of the aquifer, L

el evation of the top of an observation-well screen above the

base of the aquifer, L

Boulton's (1963) reciprocal 'delay index', T4

m enpi rical constants for gradual drainage fromthe
unsaturated zone, T

variance of In K

. . . 2
vari ance of head for one-dinensional flow, L
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variance of head for three-dinensional flow, L’

hori zontal 1og hydraulic conductivity correlation scale, L
vertical log hydraulic conductivity correlation scale, L
noi sture content above the water table at saturation

noi sture content of unsaturated zone

variable of integration in equation 13
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Derivation of the Laplace transform sol ution




In this section,
is provided.

a derivation of the Laplace transform solution
Application of the method of Laplace transformation to

equations 8-13 leads to the followi ng subsidiary boundary-val ue

probl em

Th , 11k +bw‘|12h

D = ph
| [ 8 1z P (AL
hy(¥.,2,p) =0 (A2)
i _ 1- ¢, £2 £1-d
Mo 2 oW, ph, v i (A3a)
ﬂrD p(ﬁD- dD) ' =1
ﬂ:o 2 <1-fp % >1-dy ( A3b)
1TrD rD=
ﬁwza-%% 1- 0, £2, £1- d, (A3c)
D

_ 1 Lt _
hD:W o @z, p)dz (A3d)

D~ Yp/1yy
%(rmo, p)=0 (A4)
Th, _ y 1
_D 1, =- 1, —EL _ 5A
o (ry 1 P =- o (g PV op+ piv) (5A4)

The solution to the above problemis obtained with the help of

Fourier cosine series in the manner foll owed by Dougherty and Babu

(1984) for wel

Moench (1997, 1998).

tests in confined double-porosity aquifers and by



A solution to equation Al that satisfies equations A4 and A5 is

¥
ho =@ T, (1, P)cos(e,zo) (A6)
n=0
where n =0, 1, 2,... ,and €, are the roots of
M
1
e tan(e,) =2 & (A7)

M 1 (oB, +P/7,)

Substitution of equation A6 into Al yields

M —_— —_— —_—
AT+ T (e, + p)FJoos(e,2) = 0 (49
n=0 D
Hence, T; nmust satisfy
- 1= 5 —
Frat—1"% (&Bu +P)f, =0 (A9)
r.D

t he general solution of which can be witten as

f_n :un(p)KO(anD)+Vn(p)|0(anD) (AlO)

wher e =(eB. + p)¥2. and | g are the zero order nodified Besse
qn P w p 0

functions of the second and first kind, respectively, and U, and V, are
coefficients to be deternined.

Because of equation A2, Vpi(p)=0 and, consequently,

. =u.(PKo(alp) (A11)

Substitution of equation All into A6 yields

¥
o

ho = A U, (P) Ko(Gnrp)COS(E, Z) (A12)
n=0

The coefficients Up(p) are determned from equati ons A3a and A3b.

First substitute equation Al2 into A3a and let rp=1 to get



¥

- & U, (P)GK4(a,)cos(e, ) = T,

n=0

wher e

2 —
g.=- ———+W
%= ) b Phuo

Li kewi se, use equation A3b to get

¥

- & U, (P)K4(,)cos(e,2p) =0

n=0

1- i, £z, £1- d; (A13)
( A14)
z,<1-7/
° b ( A15)
z,>1-d,

Mul tiplying equation A13 through by cos(€Zp, Wwhere mis an

i nteger, and integrating over the indicated interval one obtains

¥ 1-d;

n Il

1-dp

- A u,(Pa,Ky(a,) @) cosle,z,)cos(e, 2, )dz,
=0

( A16)

=0, C\) cos(e,,z,)dz,
-,

Mul tiplying equation Al5 by cos(€Zp and integrating over the

i nterval bel ow the screen one obtains

y -0

n

- & u,(P)a.Ki(G,) O cosle, zy)cos(e, z,)dz, = 0 (AL7)
=0 0

Al so, by perform ng the same operation over the interval above the

screen one obtains

¥ 1
- a u,(p)a,K,(a,) o cos(e,z,)cos(e,z;)dz, =0 (A18)
n=0 1 dp

Addi ng equations Al7 and Al8 to the left hand side of equation

Al6 one obtains



¥

1
- 8 u.(PG.K,(a,) ¢§os(e.Z, )cos(e 2, ) dz,
n=0 0

- ( AL19)

=0, Ocos(e,2)dz,

1l

It can be shown quite sinply by use of fundanental trigonometric
identities, equation A7, and direct integration that all terms in the

sum on the | eft-hand-side of equation Al9 are zero except those for
which n=m Thus, the set C€OS(€,z,)C0S(€,Z,) is orthogonal over the

interval 0,1 and equation Al9 becones

1
- U, ( p)qn Kl(qn)(\j;OSZ (gn % )dZD
0

(A20)
=0 (\) cos(e, z; )dz,
11y
Performng the integration and rearranging ternms, one obtains
20.{sin[e,(1- d;)] - sin[e,, (- ¢
un(p):_ qs{ [ n( D)] [ n( D)]} (AZl)
q1 Kl(qn)[en + O'SSI n(ZSn)]
Thus, the solution (equation Al2) becones
ho (5, %, P) =-G.E (A22)
where E is defined by equation 17.
The Lapl ace transform of the hydraulic head in the punped well is

obt ai ned by inserting equation A22 into A3d. Thus, at rp=1, one obtains

h, =-G.A (A23)
where A is defined by equation 16. From equations A3c and A23

ho =-0,A- ST, (A24)

Substitution of equation Al4 into A24 yields the solution (equation 14)

for the Laplace transform of the di nensionless head in the punped well
Substitution of equation A24 into Al4 and conbining the result

with A22 yields the solution (equation 15) for the Laplace transform of

t he di nensi onl ess head in the aquifer
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FI GURE CAPTI ONS FOR APPENDI X | |

Figure A. Drawdown data for the punped well F507-080. Open di anonds
represent val ues of drawdown selected for paraneter estinmation

Dots represent drawdown neasured by pressure transducer.

Fi gure B. Drawdown data for piezometers F505-080 and F504-080. Open
di anonds represent val ues of drawdown sel ected for paraneter
estimation. Snmall dots represent drawdown neasured by pressure

transducer. Large dots represent drawdown neasured nmnual ly.

Figure C. Drawdown data for wells F505-059 and F504-060. Open di anonds
represent values of drawdown selected for paraneter estinmation.
Smal | dots represent drawdown neasured by pressure transducer.

Large dots represent drawdown nmeasured nmnual ly.

Figure D. Drawdown data for piezonmeters F505-032 and F504-032. Open
di anonds represent val ues of drawdown sel ected for paraneter
estimation. Small dots represent drawdown neasured by pressure

transducer. Large dots represent drawdown neasured nmnually.

Figure E. Drawdown data for piezonmeters F377-037 and F347-031. Open
di anonds represent val ues of drawdown sel ected for paraneter
estimation. Small dots represent drawdown neasured by pressure
transducer. Large dots and pluses represent drawdown neasured

manual | y.

Figure F. Drawdown data for piezonmeters F383-061 and F383-032. Open
boxes and circles represent drawdown sel ected for paraneter

estimation. Dots and pluses represent drawdown neasured manually.

Figure G Drawdown data for piezoneters F383-082 and F383-129. Open
boxes and circles represent drawdown sel ected for paraneter

estimation. Dots and pluses represent drawdown neasured manual ly.



Figure H Drawdown data for piezonmeters F384-033 and F385-032. Open
boxes and circles represent drawdown sel ected for paraneter

estimati on. Dots and pluses represent drawdown neasured nmanually.

Figure |I. Drawdown data for piezoneters F381-056 and F376-037. Open
boxes and circles represent drawdown sel ected for paraneter

estimation. Dots and pluses represent drawdown neasured manual ly.

Figure J. Drawdown data for wells F434-060 and F450-061. Open boxes and
circles represent drawdown sel ected for paraneter estimation. Dots

and pluses represent drawdown neasured nanual ly.

Figure K. Drawdown data for wells F476-061 and F478-061. Open boxes and
circles represent drawdown sel ected for paranmeter estimation. Dots

and pl uses represent drawdown neasured manual | y.



DRAWDOWN, IN FEET

[T T TTI [T T T [T T TTI I IIIIIII| I IIIIIII| [T T TTI
PYCaad V7T

e e eedoRe O ST -

i . VTOOOT F507-080 N
L LI | IIIIIII| | IIIIIII| | IIIIIII| L L | IIIIII_I
1072 10t 10° 10t 10 10° 10*

TIME, IN MINUTES

Fig. A



Fig. B

IIII| III| III|
1F F505-080 =
— KA |
Ll 0 Y Vs
m V%
I A aaat
£ 0lf O <><> =
= - \
= : &
3 i
a e S
Z oolk O _
< 0.01F -
a -
<
0.001 ul wul wd wd wul
1072 10t 10° 10t 107 10° 10*
TIME, IN MINUTES
Fig. C
IIII IIII IIIII IIII IIII III
1F x
I_
L
LUl
LL
£ 01f-
Z - _
2
A &
= B
a) - .
0.001 IIIII IIIII IIIII IIII IIII III
1072 101 10° 10! 102 10° 10*

TIME, IN MINUTES



Fig. D

I T T TTTTI | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| I T TTTTH
1 §_ F505-032 _§
- i g
E B ¢¢ N 'Q'V m
= 01F & Qewv" =
< - & O ]
Q i . & <> i
= B _
< 0.01F O e
= - O .
0001 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L L L1l
1072 101 10° 10! 102 103 104
TIME, IN MINUTES
Fig. E
I I IIIIIII I I IIIIIII I I IIIIIII I I IIIIIII I I IIIIIII I T T TTrT
1F E
0 : F377-037 ]
L = i
LL
£ 01F & -
; - @6 @ﬁ ]
% 5 ‘:&:gé“‘ ) %@* F347-031
s ST s b ]
< 001F Qs + PO E
: © :
0.001 | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | L1 1111l
1072 101 10° 10t 102 10° 10%

TIME, IN MINUTES



Fig. F

o
[EEN

. e
HI—® F383-032

H

0.01

DRAWDOWN, IN FEET
T T T TTTT]
L L IIIII|

0.001 | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | 1 1111l
1072 1071 10° 101 102 108 104
TIME, IN MINUTES

Fig. G

£
0.1 @@ 33129

0.01 3

DRAWDOWN, IN FEET
| | II|

0.001 ] ] IIIIIII ] ] IIIIIII ] ] IIIIIII ] ] IIIIIII ] ] IIIIIII ] ] 1 1 1111
1072 101 10° 10t 102 103 10*
TIME, IN MINUTES



Fig. H

1E E
— [ ]
= - §
L = |
LL
Z 01 = E
= - .
; | i
= - i
g | -
< 001 F [-] + 5
() ~ ]
0001 | | | IIIII| | | | IIIII| | | | IIIII| | | | IIIII| | | | IIIII| | | | 1 1ll]
1072 101 100 10t 102 103 10%
TIME, IN MINUTES
Fig. |
I I IIIIIII I I IIIIIII I I IIIIIII I I IIIIIII I I IIIIIII I T T TTTI
1F E
— [ ]
= i i
L B i
LL
Z 01F =
yd - ]
= - i
@)
D | .
> i i
(@) B ]
0-001 | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | 1 1 111l
10?2 101 100 10! 102 103 104

TIME, IN MINUTES



Fig. J
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Table A. Data selected for parameter estimation, with PEST observation numbers.

F507-080 | PEST F505-032 | PEST F505-059 | PEST F505-080 | PEST
T(min) _ h(f) |Obs. # T(min) () | Obs. # T(min) _h(f) | Obs. # T(min) _h(f) | Obs. #
0.0337 2560 1* 0.0337 0.0250 32 0.0337 0.1190 64 0.0170 0.0220 96
0.0504 3530 2* 0.0504 0.0530 33 0.0504 0.2370 65 0.0337 0.0440 97
0.0670 3.680 3* 0.0670 0.0810 34 0.0670 0.3350 66 0.0504 0.0910 98
0.1000 3.750 4* 0.1000 0.1320 35 0.1000 0.4550 67 0.0670 0.1310 99
0.1500 3.870 5* 0.1500 0.1770 36 0.1500 0.5160 68 0.1000 0.2160 100
0.2170 3790 6* 0.2170 0.2040 37 0.2170 0.5310 69 0.1500 0.3130 101
0.3170 3760 7* 0.3170 0.2140 38 0.3170 0.5350 70 0.2170 0.3560 102
04670 3760 8 0.4670 0.2250 39 0.4670 0.5450 71 0.3170 0.3720 103
0.6840 3740 9 0.6840 0.2310 40 0.6840 0.5500 72 0.4670 0.3820 104
1.0000 3.760 10 1.0000 0.2440 41 1.0000 0.5590 73 0.6840 0.3900 105
14700 3.750 11 1.4700 0.2570 42 1.4700 0.5670 74 1.0200 0.3980 106
2.1500 3.750 12 2.1500 0.2750 43 2.1500 0.5760 75 1.5000 0.4020 107
3.1700 3780 13 3.1700 0.2960 44 3.1700 0.5890 76 2.1500 0.4070 108
45800 3.790 14 4.7500 0.3210 45 45800 0.6020 77 3.1500 0.4150 109
6.7500 3.850 15 6.7500 0.3450 46 6.7500 0.6140 78 45800 0.4230 110
10.100 3.840 16 10.100 0.3770 47 10.100 0.6340 79 6.7500 0.4330 111
14.900 3.900 17 14.900 0.4150 48 14.900 0.6560 80 10.100 0.4460 112
21.900 3.920 18 21.900 0.4510 49 21.900 0.6740 81 14.900 0.4590 113
46.900 3.940 19 31.900 0.4820 50 31.900 0.6930 82 21.900 0.4730 114
67.900 3.960 20 46.900 0.5160 51 46.900 0.7200 83 31.900 0.4860 115
101.00 3.990 21 67.900 0.5450 52 67.900 0.7460 84 46.900 0.5020 116
151.00 4.010 22 99.900 0.5820 53 101.00 0.7810 85 68.900 05230 117
221.00 4.020 23 151.00 0.6130 54 151.00 0.8190 86 101.00 0.5470 118
321.00 4.090 24 221.00 0.6540 55 221.00 0.8580 87 151.00 05780 119
461.00 4120 25 325.00 0.7200 56 312.00 0.9000 88 211.00 0.6020 120
681.00 4.230 26 492.00 0.7800 57 488.00 0.9600 89 321.00 0.6600 121
10000 4.210 27 675.00 0.8200 58 672.00 0.9900 90 491.00 0.7000 122
14700 4240 28 1050.0 0.8600 59 1050.0 1.0200 91 674.00 0.7300 123
2150.0 4.290 29 1470.0 0.8900 60 14700 1.0500 92 1050.0 0.7700 124
3160.0 4.260 30 2190.0 0.9200 61 2010.0 1.0700 93 1470.0 0.7900 125
4360.0 4.350 31 3100.0 0.9500 62 3090.0 1.1000 94 2190.0 0.8100 126
4330.0 0.9700 63 4350.0 1.1400 95 3090.0 0.8500 127
4330.0 0.8700 128

* Values not used



Table A (con't)

F504-032 | PEST F504-060 | PEST F504-080 | PEST F377-037 | PEST
T(min)_ h(f) |Obs. # T(min) () | Obs. # T(min) _ h(f) | Obs. # T(min) _ h(f) | Obs. #
0.0500 0.0050 129 0.0333 0.0050 160 0.0667 0.0030 193 0.0720 0.0030 225
0.0667 0.0080 130 0.0500 0.0090 161 0.0833 0.0110 194 0.1050 0.0060 226
0.1000 0.0250 131 0.0667 0.0230 162 0.1000 0.0210 195 0.1550 0.0120 227
0.1500 0.0520 132 0.1000 0.0720 163 0.1330 0.0460 196 0.2220 0.0200 228
0.2170 0.0740 133 0.1500 0.1310 164 0.1670 0.0750 197 0.3220 0.0260 229
0.3170 0.0860 134 0.2170 0.1590 165 0.2170 0.1060 198 0.4720 0.0300 230
0.4670 0.0930 135 0.3170 0.1740 166 0.3170 0.1330 199 0.6880 0.0340 231
0.6830 0.1000 136 0.4670 0.1820 167 0.4670 0.1480 200 1.0050 0.0370 232
1.0000 0.1060 137 0.6830 0.1890 168 0.6830 0.1570 201 1.4720 0.0410 233
1.4700 0.1150 138 1.0000 0.1940 169 1.0000 0.1630 202 2.2380 0.0470 234
2.1200 0.1250 139 1.4700 0.1990 170 1.4700 0.1680 203 3.2380 0.0520 235
3.1200 0.1410 140 2.1200 0.2070 171 2.1200 0.1740 204 47380 0.0620 236
4.6200 0.1580 141 3.1200 0.2180 172 3.1200 0.1810 205 6.7380 0.0720 237
6.7800 0.1790 142 4.6200 0.2280 173 4.6200 0.1890 206 10.072 0.0870 238
10.100 0.2040 143 6.7800 0.2390 174 6.7800 0.1980 207 15.905 0.1070 239
14.900 0.2310 144 10.100 0.2570 175 10.100 0.2080 208 21.905 0.1160 240
21.900 0.2560 145 14.900 0.2760 176 15.900 0.2240 209 31.905 0.1290 241
31.900 0.2810 146 21.900 0.2930 177 21.900 0.2320 210 46.905 0.1490 242
46.900 0.3130 147 31.900 0.3080 178 31.900 0.2420 211 67.905 0.1710 243
67.900 0.3470 148 46.900 0.3300 179 46.900 0.2580 212 100.91 0.2030 244
101.00 0.3880 149 67.900 0.3560 180 67.900 0.2740 213 150.91 0.2390 245
151.00 0.4290 150 101.00 0.3880 181 101.00 0.2980 214 220.91 02760 246
211.00 0.4620 151 151.00 0.4260 182 151.00 0.3280 215 351.90 0.3300 247
356.00 0.5500 152 211.00 0.4550 183 211.00 0.3530 216 500.90 0.3600 248
497.00 0.5700 153 301.00 0.4870 184 353.00 0.4200 217 687.90 0.3900 249
682.00 0.6000 154 354.00 0.5000 185 499.00 0.4400 218 1001.9 0.4300 250
1060.0 0.6500 155 498.00 0.5600 186 686.00 0.4800 219 1481.9 0.4600 251
1480.0 0.6800 156 684.00 0.5900 187 1000.0 0.5000 220 2202.9 0.4900 252
2200.0 0.7100 157 1000.0 0.6100 188 1480.0 0.5300 221 3103.9 05100 253
3100.0 0.7300 158 1600.0 0.6400 189 2200.0 0.5600 222 4336.9 0.5400 254
4330.0 0.7600 159 2200.0 0.6700 190 3100.0 0.5800 223
3100.0 0.6900 191 4330.0 0.6100 224
4340.0 0.7200 192




Table A (con't)

F383-032 | PEST F383-061 | PEST F383-082 | PEST F383-129 | PEST
T(min)_ h(f) |Obs. # T(min) () | Obs. # T(min) _ h(f) | Obs. # T(min) _ h(f) | Obs. #
3.3200 0.0500 255 0.3170 0.0300 273 47000 0.1000 297 8.2300 0.0800 315
10.000 0.0800 256 0.4330 0.0500 274 11.100 0.1300 298 18.500 0.0900 316
15.600 0.0800 257 0.7000 0.0500 275 16.800 0.1300 299 29.500 0.1000 317
27.000 0.1000 258 0.8670 0.0500 276 28.500 0.1400 300 36.000 0.1000 318
34.500 0.1100 259 1.5000 0.0700 277 35.300 0.1400 301 53.600 0.1100 319
51.800 0.1300 260 2.1700 0.0700 278 52.800 0.1500 302 64.900 0.1200 320
86.700 0.1600 261 57800 0.1000 279 64.100 0.1600 303 88.700 0.1400 321
119.00 0.1800 262 8.7300 0.1000 280 87.700 0.1800 304 151.00 0.1600 322
147.00 0.2000 263 14500 0.1200 281 149.00 0.2100 305 228.00 0.1800 323
226.00 0.2400 264 22.900 0.1300 282 227.00 0.2400 306 333.00 0.2100 324
329.00 0.2800 265 33.700 0.1400 283 331.00 0.2700 307 501.00 0.2400 325
506.00 0.2900 266 51.100 0.1500 284 505.00 0.3100 308 703.00 0.2700 326
706.00 0.3600 267 85.600 0.1800 285 708.00 0.3300 309 1010.0 0.3000 327
1000.0 0.3900 268 118.00 0.1900 286 1000.0 0.3600 310 1490.0 0.3200 328
1490.0 0.4200 269 146.00 0.2100 287 1490.0 0.4000 311 2390.0 0.3600 329
2210.0 0.4600 270 224.00 0.2500 288 2210.0 0.4200 312 3300.0 0.3900 330
3120.0 0.4800 271 328.00 0.2900 289 3300.0 0.4600 313 4350.0 0.4200 331
4350.0 0.5200 272 507.00 0.3300 290 4350.0 0.4900 314

773.00 0.3700 291

1010.0 0.3900 292

1490.0 0.4300 293

2210.0 0.4500 294

3120.0 0.4800 295

4350.0 0.5100 296




Table A (con't)

F384-033 PEST F381-056 PEST F347-031 PEST

T (min) h () |Obs. # T (min) h() |Obs.# T (min) h() |Obs.#
0.2330  0.0100 332 1.0800  0.0300 355 6.9000 0.0100 375
0.0000  0.0200 333 2.3200  0.0200 356 10.2000  0.0100 376
1.6200  0.0200 334 3.2200  0.0300 357 15.4000  0.0200 377
2.3000  0.0300 335 47300  0.0300 358 22.0000  0.0200 378
35700  0.0300 336 6.7300  0.0400 359 32.6000  0.0200 379
4.9000  0.0400 337 10.9000  0.0400 360 50.3000  0.0300 380
6.5200  0.0400 338 15.9000  0.0400 361 70.6000  0.0300 381
10.3000  0.0400 339 229000  0.0500 362 106.0000  0.0500 382
15.2000  0.0500 340 32.9000 0.0600 363 157.0000  0.0600 383
22,6000  0.0500 341 47.9000  0.0700 364 227.0000  0.0800 384
321000  0.0600 342 70.9000  0.0800 365 324.0000  0.1000 385
46.3000  0.0700 343 101.0000  0.0900 366 475.0000  0.1300 386
68.8000  0.0800 344 151.0000  0.1200 367 694.0000  0.1500 387
104.0000  0.1000 345 231.0000 0.1600 368 1010.0000  0.1900 388
154.0000 0.1200 346 332.0000 0.1800 369 1490.0000  0.2200 389
223.0000 0.1500 347 483.0000 0.2000 370 2210.0000  0.2500 390
321.0000 0.2000 348 699.0000 0.2300 371 3290.0000  0.2800 391

474.0000 0.2400 349 1010.0000 0.2700 372 4340.0000  0.3000 392
695.0000 0.2600 350 2220.0000 0.3200 373

1010.0000 0.3000 351 3850.0000 0.3700 374

2210.0000 0.3600 352

3300.0000 0.4000 353

4340.0000 0.4200 354




Table A (con't)

F434-060 | PEST F450-061 | PEST F476-061 | PEST F478-061 | PEST
T(min)_ h(f) |Obs. # T(min) () | Obs. # T(min) _ h(f) | Obs. # T(min) _ h(f) | Obs. #
1.97 0.1500 393 2.88 0.0900 408 3.62 0.0900 424 437 0.0400 440
9.92 0.2400 394 13.2  0.1400 409 10.6 0.1300 425 11.8 0.0700 441
20.00 0.2900 395 22.4 01700 410 20.7 0.1700 426 215 0.0900 442
29.00 0.3200 396 333 01900 411 30.0 0.1900 427 30.8 0.0900 443
54.90 0.3700 397 642 0.2300 412 55.7 0.2200 428 57.8 0.1300 444
100.00 0.4400 398 96.0 0.2700 413 97.9 02700 429 96.9 0.1600 445
149.00 0.4800 399 152.0 0.3000 414 150.0 0.3100 430 151.0 0.1900 446
240.00 0.5200 400 2430 0.3500 415 2420 0.3500 431 2430 0.2300 447
337.00 0.5900 401 350.0 0.4100 416 343.0 0.4400 432 346.0 0.2800 448
545.00 0.6500 402 496.0 0.4400 417 4940 0.4400 433 4950 0.3000 449
765.00 0.6900 403 681.0 0.4600 418 678.0 0.4800 434 680.0 0.3300 450
1150.00 0.7100 404 1060.0 0.5100 419 1060.0 0.5100 435 1060.0 0.3800 451
2200.00 0.7600 405 1480.0 0.5300 420 1470.0 0.5300 436 1480.0 0.3900 452
3280.00 0.7900 406 2200.0 0.5600 421 2200.0 0.5600 437 2200.0 0.4200 453
4330.00 0.8200 407 3100.0 0.5800 422 3280.0 0.5900 438 3280.0 0.4500 454

4330.0 0.6100 423 4330.0 0.6200 439 4330.0 0.4700 455




Table A (con't)

F385-032 | PEST F376-037 | PEST
t(min) _ h(f)) |Obs. # t(min) h(f) |Obs. #
10.400 0.0200 456 1.9000 0.0100 473
15.700 0.0200 457 3.3000 0.0200 474
22.400 0.0300 458 55700 0.0200 475
32.400 0.0300 459 8.5500 0.0200 476
51.300 0.0300 460 12.300 0.0200 477
61.200 0.0300 461 19.000 0.0300 478
101.00 0.0400 462 23.600 0.0300 479
151.00 0.0600 463 32.200 0.0400 480
221.00 0.0800 464 45.700 0.0400 481
326.00 0.1100 465 68.100 0.0400 482
477.00 0.1300 466 111.00 0.0500 483
692.00 0.1500 467 156.00 0.0600 484
1020.0 0.1700 468 231.00 0.0800 485
1480.0 0.2100 469 327.00 0.1300 486
2210.0 0.2300 470 478.00 0.1500 487
3290.0 0.2600 471 690.00 0.1600 488
4340.0 0.2800 472 1020.0 0.1800 489

1480.0 0.2000 490

3290.0 0.2500 491

4340.0 0.2700 492




Tabl e 1.

Di mensi onl ess Expressi ons

d/ b

4P K. b(h;-h)/Q

4P K.b(hi-hy)/Q

4P K, b(hi-hy/Q

K,/ Ky

/I'b

rl/ry

rwb

K, dg/ Kgr

Kt/ T y2Ss

Ke bt /1Sy
Pro/[2pr2Ss( £-d)]
Prp?l (2P 1 SsF")
z/ b

z./b

z,/ b

KD wo~
b\ o
Ssb/ Sy

a ,pS,/ K,

Kt' /1 y2Ss



Table 2. Locations of observation piezoneters, nunber of PEST val ues
and measur enent nunbers
Locati on Wl | Radi al DepthZ Screen No. of Measur e-
nunber nunber di st ance® (ft) | ength obs. ment
(feet) (feet) (feet) values nunmber s
for PEST for PEST
1 F507-080  0.333 13.2 47 24 8-31 °
2 F505- 032 23.9 10.7 2. 32 32-63
3 F505- 059 19.5 30.6 9. 32 64- 95
4 F505- 080 21.6 58. 4 2. 33 96- 128
5 F504- 032 46. 6 9.6 2. 31 129- 159
6 F504- 060 49. 8 30.0 9. 33 160- 192
7 F504- 080 53.1 57.5 2. 32 193- 224
8 F377-037 85.1 13.3 2. 30 225-254
9 F383-032 93.0 12.1 2. 18 255- 272
10 F383-061 92.9 39.9 2. 24 273- 296
11 F383-082 94. 8 61.8 2. 18 297- 314
12 F383-129 96. 7 107. 8 2. 17 315- 331
13 F384-033 137.3 15.8 2. 23 332-354
14 F381- 056 159.8 20.0 2. 20 355-374
15 F347-031  225.7 14.8 2 18 375-392
16 F434- 060 38.6 2.0 39. 15 393- 407
17 F450- 061 66. 3 1.7 39. 16 408- 423
18 FA76- 061 65. 6 2.2 39. 16 424- 439
19 FA78- 061 101. 3 2.2 39. 16 440- 455
20 F385-032 224.6 10.0 2. 17 456- 472
21 F376-037  227.6 13.2 2. 20 473- 492

3

Di stance from center of punped well

Depth below the initia

top of the screen

First seven values elimnated (see text)

wat er

table to the



Table 3. Paraneters obtained fromprelimnary anal ysis
of hand-neasured drawdown data, where Sy =
specific yield, b = saturated thickness, K =
hydraulic conductivity in the horizontal
direction, and K, = hydraulic conductivity in the
vertical direction.

Par amet er Esti mat ed
val ue
Sy 0. 23
b (ft) 160.
Ki (ft/mn) 0.24
K, (ft/mn) 0.12

Tabl e 4. Paraneters obtained fromlate-tine data
excl usively using PEST with b=160 feet, where S, =
specific yield, K = hydraulic conductivity in the
hori zontal direction, and K, = hydraulic
conductivity in the vertical direction.

Par anet er Esti mat ed 95 percent confidence Initial
val ue limts val ue
lower limt |upper limt
S, 0. 2868 0. 2790 0. 2947 0.1
Ki (ft/mn) |0.2318 0. 2299 0. 2337 0.01
K, (ft/mn) |0.1325 0.1277 0.1375 0.01




Tabl e 5. Paranmeters obtained fromlate-tinme data exclusively
using PEST with b as an estimated paraneter, where S, =
specific yield, b =

conductivity in the horizontal
hydraulic conductivity in the verti cal

saturated thickness,

di rection,

K. = hydraulic
and K, =
di rection.

Par anet er Esti mat ed 95 percent confidence Initial
val ue limts val ue
lower limt |upper limt
S, 0. 2536 0. 2356 0.2730 0.1
b (ft) 171. 3 165. 3 177. 4 100.
Ko (ft/mn) |0.2289 0. 2265 0. 2313 0.01
K, (ft/mn) |0.1369 0.1316 0. 1424 0.01




Tabl e 6.

excl usi vel y,
Sy = specific yield,
hydraulic conductivity in the horizontal

Paraneters estimated fromearly and | ate-tine data
usi ng PEST, where Sg = specific storage,
b = saturated thickness, K =

di rection,

and K, hydraulic conductivity in the verti cal
di rection.
Par anmet er Esti mat ed 95 percent confidence Initial
val ue limts val ue
lower limt |upper limt
Se (ft™h 1. 299E- 05 | 1. 239E- 05 1. 362E- 05 1. E-06
S, 0. 2645 0. 2402 0. 2913 0.1
b (ft) 168. 3 160. 6 176. 3 100.
Ko (ft/mn) |0.2303 0.2272 0.2334 0.01
K, (ft/mn) |0.1295 0.1235 0. 1357 0.01




Tabl e 7.

usi ng PEST, where Sg =

yield, b = saturated thickness,

conductivity in the horizontal

di rection,

Paraneters estimated fromthe conplete data set
specific storage, S

specific

Ki = hydraulic

K,

hydraulic conductivity in the vertical direction, and
ai;, ap, and az are enpirical constants for gradual
drai nage fromthe unsaturated zone.
Par anmet er Esti mat ed 95% Confi dence Limts Initial
Val ue — — Val ue
lower limt | upper limt
Ss (ft'% 1. 305E-05 | 1. 205E- 05 1.414E- 05 1. E-06
S, 0. 2660 0. 2525 0. 2802 0.1
b (ft) 168. 9 162.5 175. 4 200.
Ko (ft/mn) |[0.2331 0. 2299 0. 2362 0.01
K, (ft/mn) |0.1418 0. 1365 0.1474 0.01
a; (min?h 2. 78E-04 |1.50E-04 5. 14E- 04 1. E-03
a, (mn? 1. 68E-02 |[1.27E-02 2. 22E-02 1. E- 02
as (mnh 0. 416 0. 318 0. 545 1. E-01




Table 8. Correlation Coefficient Matrix for Table 7, where
Ss = specific storage, Sy, = specific yield, b =
saturated thickness, K, = hydraulic conductivity in the
hori zontal direction, K, = hydraulic conductivity in
the vertical direction, and a;, a,, and a3 are

enpirical constants for gradual drainage fromthe
unsat urated zone.

S Sy b K, K, aj ar as
S, 1.
Sy . 006 1
b -.058 | -.195 1
K, | .213|-.217 |-.406 | 1
K, -.290 | -.002 173 | -.703 1
a; -.035 | -.380 |-.627 . 025 . 065 1
a, .012 | -. 797 . 142 . 103 |-.070 . 378 1
az |--093 |-.180 |-.020 . 294 | -.539 . 092 . 160 1




Tabl e 9.

using PEST with alternative initial
specific storage,
t hi ckness,
hori zont al
t he verti cal

enpi ri cal

Sy:
K =
direction,

di rection,
constants for

K, =

val ues,

specific yield, b =

and aj,
gr adual

unsat ur at ed zone.

az,
dr ai nage fr

Paraneters estimated fromthe conplete data set

where S =
sat ur at ed

hydraul ic conductivity in the
hydraul i c conductivity in
and asz are

omt he

Par anet er Esti mat ed 95% Confi dence Limts Initial

Val ue — — Val ue
lower limt | upper limt

ss (ft™h 1. 306E-05 | 1. 206E- 05 1. 415E-05 1. E-07

S, 0. 2623 0. 2500 0. 2752 0. 05

b (ft) 172. 8 165. 3 180. 7 80.

K. (ft/min) |0.2336 0. 2304 0. 2368 0. 005

K, (ft/mn) |0.1409 0. 1356 0. 1465 0. 005

a; (min?h 1.92E-04 |9.94E-05 3. 72E- 04 1. E- 04

a, (mn?h 1. 79E-02 |1.37E-02 2. 33E-02 1. E-02

az (mn?t 0. 441 0.333 0.584 1. EOO




Tabl e 10a. Estinmates of the variance and standard deviation of head in the aquifer for
t hree-di mensi onal and one-di nensi onal flow using equations 27 and 28, where mz =
variance of In K., J = horizontal hydraulic gradient, |; = horizontal |og hydraulic
conductivity correlation scale, and |, = vertical |og hydraulic conductivity

correl ation scal e.

Metric units are used.

as” I L 1a(m [Ts(m | agpe” (nf) | aspn (M) [ agpn” (nf) | @i (M
0.24| 0.01 | 3.5 |0.19 | 6.3x10°° | 0.0024 | 1.5x10°° | 0.039
0.24| 0.01 | 8.0 |0.38 | 2.9x10°°> | 0.0054 | 8.0x10°° | 0.089
0.24| 0.001| 3.5 |0.19 | 6.3x10°% | 2.4x10% 1.5x10°° | 3.9x107°
0.24| 0.001| 8.0 |0.38 | 2.9x10°7 | 5.4x10™% 8.0x10°° | 8.9x107°




Tabl e 10b. Estimates of the variance and standard deviation of head in the aquifer for
t hree-di mensi onal and one-di nensi onal flow using equations 27 and 28, where af2 =
variance of In K, J = horizontal hydraulic gradient, |; = horizontal |og hydraulic
conductivity correlation scale, and |, = vertical |og hydraulic conductivity
correlation scale. English units are used.

as’ J L1(ft) [1a(ft) | asp® (ft?) | asm (ft) | aim” (ft9) | amm (ft)

0.24| 0.01 | 11.5 |0.62 6.8x10°° 0. 0079 1.6x10°2 0.13

0.24 0.01 26.2 |1.25 3.1x10™* 0.018 8. 6x102 0.29

0.24| 0.001| 11.5 |0.62 6. 8x10 ' 7.9x10°*| 1.6x10™* 1.3x1072

0.24| 0.001| 26.2 |1.25 3.1x10°8 1.8x10°%| 8.6x10% 2.9x10°2




Tabl e 11.

Col utm headi ngs for Tables 12-15

Col um Pi ezoneters Descri ption

A F505- 080 F504-080 | Deep-seated piezoneters
F383-082 F383-129

B F505- 059 F504-060 | M d-depth piezoneter and
F383- 061 wel | s

C F505-032 F504-032 | Shall ow, close-in piezoneters
F377-037 F383-032

D F384-033 F381-056 | Shallow, distant piezoneters
F347-031 F385-032
F376- 037

E F434- 060 F450-061 |Long-screened wells
FA476- 061 F478-061

F F505- 032 F505-059 |Piezoneter cluster F505
F505- 080 (20-24 ft from punped wel l)

G F504- 032 F504-060 |Piezoneter cluster F504
F504- 080 (47-53 ft from punped well)

H F383-032 F383-061 |Piezoneter cluster F383
F383-082 F383-129

(93-97 ft from punped well)




Tabl e 12.

adj ust abl e saturated thickness,

Anal ysis of selected piezoneter

saturated thickness,

where Sg = specific storage,
hydraul i ¢ conductivity in the horizontal

groups assum ng gradual

dr ai nage and

Sy = specific yield, b

direction, K,

hydraul ic conductivity in the vertical direction, and a;, a,, and asz are enpirical
constants for gradual drainage fromthe unsaturated zone.
Par anet er Table 7 A B C D E F G H
Se fr7L 1.3E-05 | 1.4E-05 1. 3E- 05 1. 9E- 05 1. 3E-05 1. 3E-05 1. 2E-05 1. 8E-05 1. 3E-05
* * *
5, 0. 266 0.249 0.248 0.280 0.241 0.278 0.217 0. 240 0. 360
b ft 169 176 157 198 217 178 159 202 253
K. ft/min [0-233 0.243 0.248 0.230 0. 203 0.226 0.249 0.227 0. 157
K, ft/mn [O-142 0.135 0.123 0.110 0.104 0. 144 0.135 0.134 0.152
a; nminl |2 8E04 |2 8EO05 1. 7E- 04 4. 9E- 05 8. 2E- 04 2. 3E-04 8. 7E- 05 1. 7E- 06 8. 0E- 04
as minl |1.7E-02 |2.8E-02 2. 6E- 02 1. 2E- 02 2.2E-02 2. 4E-02 1. 8E-02 1. 9E- 02 8. 8E-03
a3 min 1 [0-42 1.4 3.2 0. 65 6. 6E-02 21. 0. 60 0.32 6. 6E- 02

* -fixed val ue




Tabl e 13. Analysis of selected piezonmeter groups assum ng del ayed drai nage and fi xed
saturated thickness, where S = specific storage, Sy = specific yield, b = saturated
t hi ckness, K, = hydraulic conductivity in the horizontal direction, K, = hydraulic
conductivity in the vertical direction, and a;, a,, and az are enpirical constants
for gradual drainage fromthe unsaturated zone.

Par anet er Table 7 A B C D E F G H
szfl 1.3E-05 |1.4E-05 | 1.3E-05 2. 0E- 05 1. 3E-05 1. 3E-05 1. 1E-05 2. 0E- 05 1.3E-05
* * *

Sy 0. 266 0. 260 0. 235 0.277 0. 252 0. 275 0. 217 0. 206 0. 331

b ft 169 170 * 170 * 170 * 170 * 170 * 170 * 170 * 170 *
Ko ft/mn 0. 233 0. 243 0. 247 0. 230 0. 256 0. 227 0. 246 0. 252 0.211
K, ft/mn 0. 142 0.132 0.124 0. 135 0. 0693 0. 147 0. 137 0.127 0.129
a; minl |28E04 |4.6-05 3. 8E- 05 2. 1E- 04 7.3E-04 4. 1E- 04 1. 1E- 05 1. 5E- 05 6. 3E- 04
ar i n-l 1. 7E-02 2.6E-02 3. 0E-02 1. 2E-02 3.2E-02 2. 7TE-02 2.1E-02 2. 4E-02 1. 2E-02
ag n 1 0.42 4.1 3.2 0. 30 0.35 15. 0.61 0.43 0.17

* -fixed val ue



Tabl e 14. Analysis of selected piezoneter groups assum ng instantaneous drainage for
times greater than 430 m nutes and adj ustabl e saturated thickness, where Ss = specific
storage, Sy = specific yield, b = saturated thickness, K. = hydraulic conductivity in the
hori zontal direction, and K, = hydraulic conductivity in the vertical direction.

Par anet er Table 5 Al | A B C D E F G H
Sy 0. 254 0.175 0. 152 0. 164 0. 264 0. 181 0.190 0. 251 0.241 0. 310
b ft 171 198 188 172 260 243 228 229 266 403

Ko ft/min 0.229 0. 227 0. 238 0. 285 0.222 0. 232 0.218 0. 209 0. 208 0.124
K, ft/mn 0. 137 0. 137 0. 140 0.0591 | 0.0712 | 0.0682 | 0.123 0. 154 0.101 0. 186




Tabl e 15. Analysis of selected piezoneter groups assum ng instantaneous drai nage
for times greater than 430 mnutes with fixed saturated thickness, where S =
specific storage, Sy = specific yield, b = saturated thickness, K = hydraulic
conductivity in the horizontal direction, K, = hydraulic conductivity in the vertical

di rection.

Par anet er Table 5 Al 'l A B C D E F G H
Sy 0. 254 0. 208 0.171 0. 169 0. 230 0. 193 0.211 0.124 0. 148 0. 197
b ft 171 170 * 170 * 170 * 170 * 170 * 170 * 170 * 170 * 170 *
K ft/nmin 0.229 0. 237 0. 247 0. 286 0.228 0. 335 0. 252 0. 250 0. 258 0. 238
K, ft/mn 0. 137 0.125 0.121 0.0584 | 0.132 0.274 0.0923 | 0.131 0.0963 | 0.142

* -fixed val ue



Tabl e 16a Analysis of tine-linmted tests for all piezometers and deep-seat ed

pi ezometers. , where Sg = specific storage, Sy, = specific yield, b = saturated
t hi ckness, K, = hydraulic conductivity in the horizontal direction, K, = hydraulic
conductivity in the vertical direction, and a;, a,, and az are enpirical constants
for gradual drainage fromthe unsaturated zone.
Par amet er All Piezoneters Deep Piezometers
F505-080 F504-080 F383-082 F383-129
72-hour # 24- hour 16- hour 8- hour 72-hour * 24- hour 16- hour 8- hour
szfl 1.3E-05 1.3E-05 1.3E-05 1.3E-05 1. 4E-05 1.3E-05 1. 4E-05 1. 4E-05
s, 0. 263 0. 255 0. 258 0. 239 0. 249 0.261 0. 266 0. 270
b ft 174 179 177 186 176 169 166 163
K, ft/min |0-233 0.236 0. 237 0. 240 0.243 0.242 0.242 0. 245
K, ft/mn |0-141 0. 140 0. 140 0.139 0.135 0. 134 0.132 0. 130
aj ninl |1 7E-04 6. 6E- 05 3. 1E-05 9. 2E-05 2. 8E-05 6. 1E- 05 5. 2E-05 6. 5E- 05
as ninl 1. 7E-02 1. 8E-02 1. 7E-02 2. 0E-02 2. 8E-02 2. 8E-02 2. 8E-02 2. 4E-02
as nin'l [0-42 0. 45 0.42 0. 43 1.4 4.4 3.7 8.8
# Values slightly different fromthose in Tables 7 & 9 because of different initial

val ues (consistent with others used in generating this table).
* Val ues taken from Table 12 colum A




Tabl e 16b Analysis of tine-linmted tests for |ong-screened piezometers and

pi ezometer clusters, where Ss = specific storage, S, = specific yield, b = saturated
t hi ckness, K, = hydraulic conductivity in the horizontal direction, K, = hydraulic
conductivity in the vertical direction, and a;, a,, and az are enpirical constants
for gradual drainage fromthe unsaturated zone.

Par amet er Long- Screened Pi ezoneters Pi ezometer Clusters
F434- 060 F450-061 F476-061 F478-061 F505 F504 F383

72- hour * 24- hour 16- hour 8- hour 72- hour 24- hour 16- hour 8- hour
S ft~ 1 no data |no data no data no data 1. 3E-05 1. 3E-05 1. 3E-05 1. 3E-05
Sy 0.278 0.278 0.294 0. 294 0. 235 0. 241 0.234 0. 215
b ft 178 167 146 132 183 178 181 199
K ft/min |O-226 0. 233 0.235 0.248 0. 235 0. 239 0. 240 0.244
K, ft/mn | O 144 0. 149 0. 152 0. 150 0. 139 0. 139 0. 137 0.136
a; n_l 2.3E-04 8. OE- 05 2.5E-04 2. 4E- 05 1.4E-05 2. 1E-05 3. 1E-05 1.3E-04
ap i n'l 2.4E-02 2. 2E-02 1.8E-02 1. 8E-02 2. 2E-02 1. 7E-02 1.9E-02 2.1E-02
ag ni n_l 21. 6.1 5.2 22. 0.44 0. 45 0. 47 0.52

* Val ues taken from Table 12 colum E.



Tabl e 17. Various data anal yses for piezoneters

F505- 059, F505-080, F504-080, and F383-129, where
Ss = specific storage, Sy = specific yield, b =
saturated thickness, K, = hydraulic conductivity
in the horizontal direction, K, = hydraulic
conductivity in the vertical direction, and aj,
ap, and a3 are enpirical constants for gradual
drai nage fromthe unsaturated zone.

Del ayed I nst ant aneous

Par anet er Dr ai nage Dr ai nage

72- hour 8- hour 72- hour 8- hour
Ss ft! 1. 2E-05 1. 2E- 05 1. 3E-05 1. 3E-05
Sy 0. 298 0. 297 0. 163 0. 160
b ft 170 174 180 178
Kr ft/mn 0. 233 0. 236 0. 243 0. 246
Kz ft/mn 0. 136 0.134 0.124 0.121
a, nint 1. 5E-04 1. 9E- 05 -- --
a, nint 2. 8E- 02 2. 3E-02 -- --
a; nin't 21 44 -- --




FI GURES

Figure la. Schematic diagram of a punping well and observation
pi ezoneter in an idealized, anisotropic unconfined aquifer with
a hypothetical noisture distribution indicated for the
unsaturated zone.

Figure 1b. A typical double-logarithm c plot of drawdown in an
observation piezoneter versus tinme that defines the approximte
ranges of early-, internediate-, and late-tine.

Figure 2. Schematic diagramof a finite-di ameter punped well,
observation well, and observation piezonmeter in a honbgeneous,
ani sotropic water-table aquifer of infinite lateral extent.

Figure 3. Regional |ocation and |ocal plan view showi ng the positions
of the punped well (F507-080) and observation wells and
pi ezoneters in the study area. The reference piezoneter (F343-
036) is not used to neasure drawdown.

Figure 4. Vertical cross section of the aquifer at the study site
showi ng the | engths and positions of the piezoneters and
observation wells.

Figure 5. Measured and simnul ated drawdowns for the punped well (F507-
080), for the nodel paraneters shown in table 5.

Figures 6. Measured drawdowns conpared wi th drawdowns sinul ated under
the assunption of instantaneous release of water fromthe
unsaturated zone, piezoneters F505-080 and F504-080.

Figures 7. Measured drawdowns conpared with drawdowns sinmul ated under
the assunption of instantaneous release of water fromthe
unsaturated zone, wells F505-059 and F504-060.

Fi gures 8. Measured drawdowns conpared wi th drawdowns sinul ated under
the assunption of instantaneous release of water fromthe
unsat urated zone, piezoneters F505-032 and F504-032

Figures 9. Measured drawdowns conpared with drawdowns sinmul ated under
the assunption of instantaneous release of water fromthe
unsat urated zone, piezonmeters F377-037 and F347-031

Fi gures 10. Measured drawdowns conpared w th drawdowns sinul ated under
the assunption of instantaneous release of water fromthe
unsaturated zone, (A) piezoneters F383-061 and F383-032, and (B)
pi ezoneters F383-082 and F383-129.



Figures 11. Measured drawdowns conpared w th drawdowns sinul ated under
the assunption of instantaneous rel ease of water fromthe
unsat urated zone, (A) piezonmeters F384-033 and F385-032, and (B)
pi ezoneters F381-056 and F376-037.

Figures 12. Measured drawdowns conpared with drawdowns si nul ated under
the assunption of instantaneous release of water fromthe
unsaturated zone, (A) wells F434-060 and F450-061, and (B) wells
F476- 061 and F478-061.

Fi gure 13. Measured drawdowns and drawdowns sinul ated for piezoneter
F377-037 using (A) the assunption of instantaneous drainage, (B)
gradual drainage using a single enpirical parameter, (C) gradua
drai nage using two enpirical paranmeters, and (D) gradua
drai nage using three enpirical paraneters.

Fi gures 14. Measured drawdowns conpared w th drawdowns sinul ated under
the assunption of gradual release of water fromthe unsaturated
zone, piezonmeters F505-080 and F504-080.

Fi gures 15. Measured drawdowns conpared with drawdowns si nul ated under
the assunption of gradual release of water fromthe unsaturated
zone, wells F505-059 and F504-060.

Figures 16. Measured drawdowns conpared w th drawdowns sinul ated under
t he assunption of gradual release of water fromthe unsaturated
zone, piezoneters F505-032 and F504-032

Figures 17. Measured drawdowns conpared with drawdowns si nul ated under
the assunption of gradual release of water fromthe unsaturated
zone, piezoneters F377-037 and F347-031

Figures 18. Measured drawdowns conpared w th drawdowns sinul ated under
t he assunption of gradual release of water fromthe unsaturated
zone, (A) piezoneters F383-061 and F383-032, and (B) piezoneters
F383-082 and F383-129.

Fi gures 19. Measured drawdowns conpared with drawdowns si nul ated under
the assunption of gradual release of water fromthe unsaturated
zone, (A) piezometers F384-033 and F385-032, and (B) piezoneters
F381- 056 and F376-037

Fi gures 20. Measured drawdowns conpared with drawdowns si nmul ated under
the assunption of gradual release of water fromthe unsaturated
zone, (A) wells F434-060 and F450-061, and (B) wells F476-061
and F478-061.



Figure 21. Measured and simul ated drawdowns for the punped well (F507-
080) for the nodel paranmeters shown in table 6

Fi gure 22. Measured drawdowns conpared wi th drawdowns si nmul at ed under
the assunption of instantaneous rel ease of water fromthe
unsaturated zone for sel ected deep-seated piezoneters.

Fi gure 23. Measured drawdowns conpared with drawdowns sinmul ated under
the assunption of gradual drainage of water from the unsaturated

zone for sel ected deep-seated piezoneters.
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